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SUMMARY
This thesis is divided into three sections. Chapter
1 describes the kinetics of* exchange of* tritium from
labelled diethyl malonate and sodium acetate. The rate
of detritiation of diethyl malonate has been measured
as a function of the base strength of the catalyst; the
reaction was not catalysed by acids. Labelled sodium
acetate was found to be stable in both acid and alkali
solutions and no detritiation could be detected over
the course of 6 days.
In chapter 2, the application of tritium nuclear
magnetic resonance spectroscopy to the determination
of the position and distribution of the labelled atoms
in tritiated organic compounds, has been reported. The
compounds were prepared by base catalysed homogeneous
exchange in solution using tritiated water as a source
of label, A direct correlation between triton and proton
chemical shifts was observed, thus enabling the predic-
3
tion and assignment of H n,m,r, spectra by reference 
to the large compilations of proton chemical shifts 
available in the literature.
Chapter 3 describes the first successful application
3of H n,m,r, spectroscopy to the elucidation of the 
biosynthesis of penicillic acid, a metabolite of Penici- 
Ilium cyclopium. The distribution of tritium obtained 
from the incorporation of acetate-T, showed stereospecifiC 
labelling of the C-5 methylene protons of penicillic 
acid, This observation suggests that the known inter­
mediate orsellinic acid, undergoes 4,5 cleavage of the 
aromatic ring, A direct demonstration of this has also 
been made using [315-T]orsellinic acid. The extent of 
detritiation during biosynthesis of penicillic acid 
from acetate-T has been determined by an isotope tracer
l4 —technique employing doubly labelled acetate ( CH^TCOO ) 
It has been inferred from the pattern of labelling obtai 
ned when using malonate-T, that the biosynthesis of 
penicillic acid involves condensation of 1 acetate unit 
with 3 malonate units, since no labelling of C-7 methyl 
protons was observed, A biosynthetic mechanism involving 
an oxepin intermediate has been proposed, which is consi 
stent with these findings.
Finally in an appendix some aspects of the radiation 
safety in handling high levels of tritium have been 
described, •
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GENERAL INTRODUCTION
Tritium is a radioactive isotope of hydrogen, being
a weak (3-emitter (E = 18 KeV) with a half-life of . max.
12,26 years,’*' It is commercially readily available and
the procedures for introducing the isotope into chemical
'2compounds are well documented. Tritium has found exten­
sive application in the study of reaction pathways and
2 3mechanisms, both chemical and biochemical, ’ It has 
certain unique advantages as a tracer for bioorganic 
reactions. Thus the very high specific activities that 
can be achieved permit experiments to be carried out 
with compounds whose normal physiological concentrations 
are extremely low and without significantly affecting 
the normal metabolic process. From the radiological 
point of view the relatively low toxicity of tritium 
allows the use of larger amounts of radioactivity than 
in the case of other isotopes. However, for such invest­
igations the stability of the label under the experimental 
conditions must be known and in this context studies of 
reaction kinetics play an important part.
The inherent radioactivity of tritium makes it an 
easy process to measure the rate of participation of a 
particular compound in a reaction and may aid the isolation 
of products, but an exact location of the label therein 
is frequently difficult to determine. The commonly used 
method often involves a tedious sequence of specific
4
degradations. The procedure is rather wasteful if 
valuable material is involved, and such degradations may 
be complicated by the possible loss of tritium by exchange,
Therefore, an unambigous demonstration of the position 
of the label may not be obtained.
The difficulties associated with the method that 
involves degradation of a molecule may be overcome by 
non-degradative techniques of analysis. Absorption spectra 
of tritiated and unlabelled compounds in the ultra-violet 
region are not significantly different, but quite large 
differences have been observed in the infra-red region.
The IR spectra of tritiated adipic acid and thymine, for
5example ha;ve been analysed. However, only a qualitative 
or perhaps semi-quantitative picture of tritium distri­
bution is obtained, furthermore, the isotopic abundance 
of tritium (~ 10%) required is so high that it is unlikely 
to be a satisfactory method of analysis, Tritium is an 
excellent isotope for nuclear magnetic resonance studies,
having a . spin of ■§■ and a sensitivity of detection 21%
6 7 8higher than that of proton, Elvidge and coworkers 1
3have developed H n,m,r, spectroscopy for the routine 
measurements, and it is now possible to detect as low 
as 0,5 mCi of tritium at one position in a molecule, 
Applications of tritium as a tracer are thereby greatly 
facilitated.
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Chapter 1. THE BASE CATALYSED DETRITIATION OF 
DIETHYL MALONATE AND SODIUM ACETATE
1.1 Introduction
1.2 Results
1.3 Discussion
1.4 Exp er iment a 1
1.5 References
1.1 Introduction
The usefulness of a tritium labelled compound as a 
tracer depends on the stability of the label. If it is 
readily lost it can be of limited value, whereas if the 
tritium is retained under diverse conditions the possible 
applications involving the compound are increased. Whether 
or not the label is readily lost is not only a function 
of the substrate structure but also the conditions under 
which it is employed. These can vary from e.g. neutral 
water to a complex biological environment. At present 
there are very few studies in which an investigation 
of these conditions has been made.
The stability of tritium in a compound is usually 
determined by studying its rate of detritiation in 
solution over a wide range of pH values. The absence 
of isotopic exchange is taken as evidence of chemical 
stability of the label. An assessment of the stability 
of the label under complex biological conditions is 
more difficult. The double isotope tracer method, based 
on the determination of tritium to carbon-14 ratio 
before and after its course through the biological 
system, is frequently employed. Provided no isotopic 
fractionation occurs, an identical ratio signifies a 
high degree of stability for the tritium in the labelled 
compound. The subject of chemical and biological 
stability of tritiated compounds has been reviewed 
by Evans J
When the tritium is hound to oxygen or nitrogen the
label is easily lost; in many cases the reactions are
2 3diffusion controlled, ’ Similarly thiols undergo exchange 
very readily so that the compounds are of no use as 
tracers for most purposes. On the other hand in carbon 
acids i,e, acids in which the mobile proton (or tritium) 
is bonded to a carbon atom the rates of exchange are 
frequently slow and measurable and are dependent on
2 4the acidity of the weak acid, 9 Most of the useful 
tracers belong to this group of compounds.
The correlation of rates with the acid strengths
of carbon acids has been attempted by Pearson and
5 6Dillon and later by Jones, A close parallelism between
pK and the rate of ionisation is observed when chemically 
similar substances (for example ketones and keto-esters) 
are considered. Most of the compounds exhibit deviations
of less than 1 pK unit in either direction from the
6curve. However, the relationship of log k. . vs pK* . . ■ lo n is n
fails when carbon acids of different classes are considered,
5
e,g, nitromethane ionises in water about 10 times 
slower than benzoylacetone, although they are of similar 
acid strengths.
The first attempt to correlate rates with acidities 
was made by Br/foisted and Pedersen and their findings
7are now described in the familiar Br/foisted relationship.
This work which was based on the base catalysed decomposition 
of nitramide, relates the reaction coefficient, (k) to
the base strength of the catalyst, (Kg) by the equation,
log k = log G + p log Kg .... 1- (i)
where G is a constant for a given reaction and provided
the base strength is not varied too widely so is (3, the
value of the latter being confined to the range 0-1.
The relationship has been the subject of extensive studies
2
particularly by Bell and coworkers.
If the catalyst in the proton transfer reaction is 
_ „ • »
changed from B to B, the difference in the reaction 
velocity can be expressed by the equation l-(ii)
log k - log k = P (log Kg - log K g 1) ....l-(ii)
which is equivalent to
AG*- AG*= p (AG° - AG®')
P _ AG^~ A<* '■
AG° - AG°* --- l-(iii)
Catalyst changes are usually brought about by changing
substituents in the catalyst molecule and it is convenient
to reformulate equation l-(iii) in terms of the substituent
8
stabilisation operator 6^ as equation l-(iv)
6„ AG*
3 =  — ---------- •
AG° .... l-(iv)
Therefore, p is the ratio of substituent effects on the
free energy of activation of a proton transfer process
to substituent effects on its overall free energy change.
The exponent p of the Br^nsted relationship may be
employed as a parameter that measures the extent to which
the transition state resembles either the products or
reactants. The extent of proton transfer at the transition
state may be represented by z, the order of the bond
being formed between the base catalyst and the transferring
proton and should be equal to p if this measures the
extent of proton transfer, so that
6r AG* = z Sr AG ; .... l-(v)
f  ' o.
since AG and AG have the same initial limit and since z
must be less than unity it follows that a substituent
change in the catalyst must alter the free energy of
the transition state by an amount intermediate between
its effects on the free energies of initial and final
states. As the structure of the transition state is
intermediate between the initial and final states this
does not seem to be unreasonable. Thus a value of near
zero would indicate close resemblance to reactants whilst
a value of unity would indicate close resemblance to
products. On this basis a value of 0.5 would correspond
9 10to a symmetrical transition state. Recently Marcus -
11 12and Levich et al * have presented a theoretical
derivation of the Br/Jnsted catalysis law.
The measurement of primary kinetic isotope effects
also provides a powerful method for probing the structure
of the transition state. The isotope effect reflects
the differences in zero point energies of carbon - hydrogen
versus carbon - deuterium (or carbon - tritium) bonds
2in the initial and activated states. Many theoretical 
13-23treatments aimed at determining the principal factors
responsible for the observation of primary isotope effects
have been made. There is now considerable evidence
available to suggest that the magnitude of the effect
is related to ApK, the difference in acid strength between
the substrate and the catalyst. In particular
(or kjj / kT ) passes through a maximum when ApK = 0. This
would correspond to a symmetrical transition state. The
24—30results of experimental investigations in which ApK
was varied by a change in either substrate or catalyst
lend support to this prediction. Another experimental 
31
approach , is based on the possibility of altering the
transition state symmetry using dipolar aprotic solvents,
by virtue of their ability to change the basicity of a
solution. In this way both the nature of the base and the
substrate are kept constant. Kinetic isotope effects in
Q 2the racemisation of (d)-a,a- phenylmethylacetophenone
33and (-) menthone in dimethyl sulphoxide - water -hydroxide
solutions show a clearly defined maximum, when the
concentration of dimethyl sulphoxide is increased. The
Br/^nsted (B exponent values are approximately 0.5, as
expected for a symmetrical transition state.
The magnitude of the isotope effect has also been
correlated with the exponent (3 of the Br/£nsted relation- 
24 34-ship. * The correlation is considerably improved when
24a correction for secondary isotope effects is applied.
This correlation again emphasises that the magnitude of 
the isotope effect is a function of the extent to which 
the proton is trasferred in the transition state since (3
has been interpreted in terms of this concept.
A wide range of methods for measuring the rates of
ionisation of carbon acids are available; these have
35
recently been discussed. Halogenation methods have been
36amongst the most frequently used. The rate determining 
step is the transfer of the proton to the catalysing 
species as shown in reaction scheme l-(vi) and therefore, 
the rate is independent of whether bromine or iodine 
(X^) is used as the halogenating agent.
RH + B~ R" + BH
•pQ g "I"
R“ + X n ----» RX + X" ' ' / .2 ..., l-(vi)
where RH is the carbon acid, k is the first order velocity
constant with catalyst concentration remaining effectively
constant.
The titrimetric methods used in the earlier work
for determining changes in the halogen concentration
have now largely been superceded by spectophotometric
methods. The rates of bromination can be measured by
37observing changes in the absorption band at 390 nm
(s =196) or alternatively at 3^0 nm (e = 860) or
2k500 nm (e = 20) depending on the absorption of the 
2
products or reactants studied. For some compounds the 
rates of ionisation can be determined by following the
appearance of the anion, e.g. the ionisation of nitro
26 29 compounds such as nitroethane, ethylnitroacetate and
o Q
some phenylnitroethanes have been measured in this 
way. In cases where the reaction becomes very fast a
stopped-flow method which combines a rapid mixing device
39with spectrophotometric detection may be used.
Electrochemical methods, able to measure bromine
— 7 8concentrations down to 10” or 10” M allow a wide range
40of reaction velocities to be measured. Thus for a
relatively unreactive compound it is possible to make
accurate measurements on less than 13% of reaction using
a very low concentration of bromine in the presence of
a large excess of compound whereas relatively fast reactions
^ 1 jl
(second order rate constants ~ 10 M” s” ) can be studied
by following changes in bromine concentration through 
several powers of ten.
In the isotope exchange method, if an isotopically 
labelled substrafe RL, (where L is either deuterium or 
tritium) ionises in the presence of a large excess of 
solvent (usually water), the ion R” will revert to RH 
in almost every case, so that the rate of conversion 
of RL into RH if we neglect the isotope effect, is a 
measure of its rate of ionisation. Changes in the 
concentration of deuterium can be followed by infra-red
4l 42 41 43spectroscopy, ’ mass spectrometry ’ or n.m.r.
44 45
spectroscopy. ’ The last method has been used with
46the hydrogen form of the compounds as well. The method
is usually limited to slow reactions (t^< l min. ) but
2
has now been extended to relatively fast reactions
47 48
using line broadening techniques. ’
As tritium is a radioactive nuclide, tritium - 
hydrogen exchange reactions can be followed by observing
changes in radioactivity with time using a tracer conce-
-ntration of the isotope. The method has been applied
49 50to a number of systems. ’
For an exchange reaction of the type
AX*+ BX ^ A X  + BX* .... l-(vii)
*  51—  5 5where X is an isotope of X, it has been shown ^ that
the rate of reaction is first order with respect to the
labelled compound regardless of whether the overall
reaction is uni-, bi- or termolecular. Furthermore the
reaction will still be first order irrespective of the
magnitude of any isotope effect associated with the
reaction, provided the concentration of isotope remains
small?^
For an exchange reaction involving ionisation of a
tritiated carbon acid, (RT) by a base, (B- ) the rate
determining step can be expressed by the equation
_ k —
RT + B” =^2=—  ^R” + BT .... l-(viii)
If X represents the radioactivity of RT, then the rate
of reaction will be
- d[X]
Rate = ------ = k[X]
dt .... l-(ix)
k being the first order rate constant. Integrating this
equation gives
[X-.J
In --—  = kt
[Xt] •.•. l-(x)
where [X ] and [X,] represent the radioactivity of tritiateO X
substance at time t = 0 and at t = t, respectively.
A plot of log^Q versus t gives a straight line with
a slope = - k / 2.303* from which k can he calculated.
This method is the conventional method of determining 
the rate of detritiation. The changes in radioactivity 
of the substrate or the medium (due to HTO resulting 
from detritiation) are followed as a function of time.
In the latter case a^ .) corresponds to the radio-
-activity of substrate at time t, where a^ _ and 
represent the radioactivity of the medium at time t 
and after infinite time.
— 5 —1For slow reactions (k<^10 sec ) the kinetic runs 
become too slow to follow conveniently by the conventional 
method. In such circumstances an initial rate method**^’ 
can be used.
From equation 1-(x)
[x0]0< aco «nd cact]O'(«te- “*).'■
equation l~(x) can be rearranged to give
( 1
l:q = kt
1 - at .
/ • • • • 1 “*• (xi)
For a small fraction of reaction, equation l-(xi) 
reduces to
at 1 = kt
a^o .... l-(xii)
(l _ x) -as In X for small values of X. A plot of a^
against t should give a slope of k a ^  and hence k 
can be calculated.
The reaction is usually followed to a 2-3% completion 
using a concentration of tritiated compound higher than
that employed in the conventional method; a ^ i s  usually
6 -
of the order of 10 counts per minute (cpm).
Tritium is usually detected by liquid scintillation 
59
counting. The method offers a high detection efficiency,
absence of self-absorption, ease of sample preparation,
energy discrimation and short resolving time. Two problems
associated with it, namely quenching effects and sample
59 SO
solubility can frequently be overcome. V
The procedure for liquid scintillation counting 
consists of. dissolving the radioactive sample in a 
solution containing a scintillator solvent and solute.
The liquid scintillator converts the (3-energy emitted 
by the isotope to light energy which is then transformed 
by photomultiplier tubes to electrical energy. The signals 
are further amplified and presented in the form of a 
digital display, cts per min. A coincidence circuit 
reduces the background noise from the photomultiplier 
tubes.
The scintillator solvent is selected on the basis
of its ability to absorb the energy of the (3-particle
and transfer it efficiently to the solute. Alkyl benzenes
fulfil these requirements; toluene in particular has
been much used. Purified dioxan or anisole are sometimes
used when the radioactive substance is insoluble in
toluene. Of several primary solutes such as p-terphenyl,
2-(4-biphenyl)-5-phenyl-oxadiazole (PBD), 2-(4 -t-butyl- 
n
phenyl)-5-(4 -biphenyl)-l,3,4-oxadiazole (Butyl-PBD) 
and 2,5 diphenyloxazole (PPO), the last is the most
widely used.
Polyketides formally derived from P-polyketone chains, 
-(CH CO)- are the largest group of fungal metabolites.
u  XX.
These are formed by condensation of acetate units via 
a c e t y l - C o T h e  chain extending agent is malonyl-CoA^ 
a*more reactive nucleophile than acetyl-CoA and decarbo- 
-xylation helps to drive the reaction in the forward 
direction.(see section 3.1 ) Incorporation of acetate and 
malonate in polyketides such as penicillic acid has been 
demonstrated. Acetate and malonate are thus primary 
precursors of polyketides. Diethyl malonate has been 
reported to be more efficiently utilised than malonic 
acid by many penicillia primarily due to selective
64permeability and has been selected for the present 
study.
The object of the present work is to determine via 
the rates of base catalysed detritiation, the chemical 
stability of tritium in sodium acetate and diethyl malonat 
the compounds to be used in the biosynthetic studies.
1.2. Results
Rates of detritiation of diethyl malonate in various 
media were determined either by the conventional or the 
initial rate method, while the latter method was used for 
most of the kinetic runs with sodium acetate. The results 
are presented in tabular form (1.1 to 1.4).
Table 1.1. Rates of Detritiation of Diethyl Malonate and
Sodium Acetate in Water at Various Temperatures
Siand Arrhenius Parameters.
T -1k , detritiation rate constant in sec.
Compound Temperature (°C) 10^ k^
Diethyl malonate 25.0 3.59 ± 0.07
35.0 9.18 ± 0.05
45.0 22.8 ± 0.30
55.0 54.7 
Arrhenius Parameters
E 17.73 ± 0.08 k cal/molea
l°g10 A 7.3k ± 0.05 sec-1
AH 17.14 + 0.08 k cal/mole
AS -34.00 + 0.70 eu
Sodium acetate 25.0 No detectable
detritiation
*b
up to 6 days
a least squares procedure
b no change in radioactivity (cpm) of separated samples; 
the differences in counts were within the statistical 
limits of counting of the radioactive samples.
Table 1.2. Rates of* Detritiation of Diethyl Malonate and 
Sodium Acetate in the presence of Hydrochloric 
Acid at 25°C.
T _i
k , detritiation rate constant in sec.
6 Tcompound Acid Concentration 10 k
(moles/litre)
Diethyl malonate 0.01 3.55
0.10 6.86
Sodium acetate 0.10 No detectable
detritiation 
up to 7 days
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1.3. Discussion
Water and Aqueous Acid Reactions
The water-catalysed detritiation of diethyl malonate 
has been studied over a wide range of temperature (Table 
1,1) and the Arrhenius parameters have been calculated.
The rate constants have been plotted in terms of log k
against l/T as shown in Figure 1.1, From the slope of
the linear plot the energy of activation, (E ) was obtained
4 a
The entropy of activation AS is the standard entropy
of the transition state minus the standard entropies of 
Lis, Transition stai 
tr eAS* /R e-AH*/RT
69the reactants. ate theory shows
* . ' *
k h .... l-(xiii)
■ 16 ' 1
where k  is the Boltzman constant (1.381 x 10"" erg deg" ),
— 27h is the PlanckTs constant (6.626 x 10” erg.sec), T
o * *is temperature in K and AH is the enthalpy of activation.
4-
For reactions in solution E = AH + RT so thata
equation l-(xiii) takes the form
■ + ■
AS /R - (E - RT)/RT kl e e a
■: k ,= _ -
h j .
+ _ A§ /R -E /RTskT e e ae
or k = 1- (xiv)
Substitution of the value of E and the rate constant k 
in equation 1-(xiv) leads to the value of AS. The term
13A t  has a value of I.69 x 10 at 25°C.
h
The value of AS for diethyl malonate is-3^.0 eu. The 
negative entropy of activation suggests that the
4.0
4.5
io
5.5
3-0 3.2 3.43.3
Figure 1.1, Arrhenius plot for Diethyl Malonate
transition state is more solvated than the reactants. This 
is to be expected when two uncharged species such as 
diethyl malonate and water form an ion pair (R~...H+H 0) 
like transition state. The negative entropy of activation 
is consistent with the results for other carbon acids 
(Table 1.5.) and indicates a common mechanism for proton 
(triton) transfer from these acids.
Table 1.5. Entropies of Activation for Proton Transfer 
____________Reactions involving Carbon Acids
f
Reaction Mechanism Carbon Acid AS . ■ ■ Ref.
( c a l .d e g ” m o l’  )
RH + H 20-H> R“ + H O 2-Carbethoxy- -38 70
cyclopentanone
Malononitrile. -22 71
t- Butylma1ono- -21 71
nitrile
Benzoylacetone -33.6 72
Diethyl malona- -3^.0 this
te work
RH* + 0H“— >RH + H20 Adenine +7 73
1 - E t h y l  t e t r a -  +22 7h
z o le
G uan ine +10 75
These changes in AS contrast with the results obtained 
between positively charged carbon acids and hydroxide 
ion, where the transition state has net zero charge; in 
other words it becomes less solvated than the reactants. 
The formation of the transition state in these reactions 
will bring about a liberation of solvent molecules so
t
t h a t  AS is  p o s i t i v e .  In  f a c t  i n  te rm s o f  c h a rg e  ty p e  t h i s  
k in d  o f  r e a c t io n  i s  th e  e x a c t re v e r s e  o f  th e  w a t e r - c a t a ly s e d  
r e a c t io n .
Based on th e  above th e  f o l lo w in g  m echanism  i s  p ro p o s ed  
f o r  th e  w a t e r -c a ta ly s e d  d e t r i t i a t i o n  o f  d i e t h y l  m a lo n a te  : -
k  6+ 6 -  4
( i )  H2 0 + T C H (C 0 0 E t)2 ^ = ^  [H 20 . . . . T . . . C H ( C 0 0 E t ) 2 ]
 > “ C H (C 0 0 E t)2 + H2 0T +
*Pq c4*
( i i )  CH(COOEt) 2 + H2 0 CH2 (C 0 0 E t)2 + OH"
. . . .  1 - (x v )
— 2The r a t e  o f  d e t r i t i a t i o n  i n  d i l u t e  a c id  s o lu t io n  (1 0  M 
HC1, T a b le  1 . 2 . )  i s  e s s e n t i a l l y  th e  same as th e  r a t e  o f  
th e  w a te r -c a ta ly s e d  r e a c t io n ,  in d ic a t in g  no c a t a l y s i s
by  h yd ro g en  io n s . H ow ever, an in c re a s e d  r a t e  o f  d e t r i t i a t i o n
—  1 o/|
i s  o b se rv ed  in  10" HC1 s o lu t io n .  B e l l  e t  a l  ’ h ave
made s im i l a r  o b s e rv a t io n s  on z e r o -o r d e r  b r o m in a t io n
s tu d ie s  o f  d i e t h y l  m a lo n a te  i n  h y d r o c h lo r ic  a c id  s o lu t io n s .
-3 — 2The r a te s  o f  b ro m in a t io n  i n  10 and 10 M HC1 s o lu t io n s ,
w h ic h  a re  s im i l a r  to  th e  w a te r -c a ta ly s e d  r a t e  in c r e a s e
—  2in  a c id  s o lu t io n s  more c o n c e n tra te d  th a n  2 x  10 M . I t  
is  th o u g h t t h a t  th e  in c r e a s e  i n  th e  r a t e  i s  due to  th e  
h y d r o ly s is  o f  th e  e s t e r  r a t h e r  th a n  a c id  c a ta ly s e d
b r o m in a t io n . A s im i l a r  e x p la n a t io n  may be fo rw a rd e d  j
!
f o r  o u r r e s u l t s  as w e l l .
Sodium a c e ta te  does n o t  show any d e te c ta b le  d e t r i t i a t i o n  
in  w a te r  and a c id  s o lu t io n s  o v e r  a p e r io d  o f  6 d a y s . I t
5
has been e s t im a te d  by P e a rs o n  and D i l l o n  , b ased  on 
th e  r e s u l t s  o f  B o n h o e ffe r  e t  a l? ^  t h a t  th e  w a te r -  
c a ta ly s e d  r a t e  o f  p ro to n  t r a n s f e r  fro m  th e  C-H o f  m e th y l
-13 -1group in acetate is 3.3 x 10 sec , which suggests that 
detritiation would not be detected under our conditions.
Base Catalysed Reactions
The rates of detritiation of diethyl malonate have been
determined in many buffer systems (Table 1.3.). By
systematic variation of the concentration of basic species
in a buffer medium the rates of detritiation (observed
Trate of detritiation, k , ) have been measured. Suchobs
rates represent the sum contribution of rates from different 
catalysing species present in the buffer medium and 
may be expressed by
kobs = * L >  + CB~] + k0H-
2 .... l--(xvi)
where B~ is the basic constituent in the buffer medium.
T
A plot of kobs versus anion concentration gives an
intercept corresponding to the water-catalysed rate of
2—detritiation in all cases except phosphate (HPO^ ) 
buffer (Fig. 1.2). This suggests that the observed rates 
of detritiation in buffers with p H 5.0 have significant 
contributions only from the first two species shown in 
equation l-(xvi). In the case of phosphate buffer (pH 7.8) 
however, the contribution of hydroxide ion can no longer
be neglected. The intercept in this case corresponds to
T T — T
kg q + ^OH— ^rom ^Hich has been determined.
The value found was 138.6 l.mol sec . No direct measure- 
Tments of e.g. in solutions of sodium hydroxide
were possible as the reaction was too fast to be measured. 
The (3 exponent of the Br/nsted relationship, which
40-
10 PI LAnion ConCnO
obs
1 0-
-o-O-
2 5 « 5 0 753
10 M CAnion Concentration^
Figure 1,2, Dependence of the rate of detritiation of 
Diethyl Malonate on anion concentration.
1, monochloroacetate; 2, tartrate; 3 » acetate;
4, dimethylacetate; 5, trimethylacetate;
6 , dihydrogen phosphate; 7 , monohydrogen phos­
phate .
represents the ratio of substituent effects on free energy
of activation of a proton transfer process to substituent
effects on its overall free energy change (equation 1-iv)
can be determined in two ways - either by keeping the
substrate constant and varying the base or by keeping the
base constant and varying the substrate. In both cases p
should be the same. The Brj^nsted relationship for diethyl
malonate has been studied by the former method. The
catalytic constants obtained for the various bases have
Tbeen plotted in terms of log kg versus pK of the protona-
ted bases (acids). The results have been presented in
68Figure 1,3* Results obtained by Bell et al from the
zero order bromination of diethyl malonate have been
shown in Figure 1.4 for comparison.
The results show a good linear relatinship between 
Tlog kg and the basic strength of the carboxylate anions,
A small deviation in case of trimethyl acetate may be due 
to steric hindrance. The relationship also holds for the 
anions of aryl carboxylic acids and aliphatic dicarboxylic 
acids such as benzoic acid and tartaric acid. Considerable 
deviations are observed for hydroxide ion and phosphate 
anions and also a small discrepancy observed in the case 
of water. Such deviations are not unexpected in view of 
the differences in chemical nature and charge type of 
these species.
The magnitude of the slope of the Br/nsted plot P 
represents the fractional displacement of the transition 
state along the reaction co-ordinate from reactants to
2.0-
4.0
og k
-4
6.0-
PK (BH)
Figure 1.3. Br/nsted plot obtained from rates of 
detritiation of Diethyl Malonate.
a, water; b, monochloroacetate; c, tartrate 
d, benzoate; e, acetate; f, dimethylacetate 
g, trimethylacetate; h, monohydrogen phosph­
ate; i, dihydrogen phosphate; j, hydroxide.
1.0-
2.0-
3.0-
4*0
5.0
PK (BH)
Figure 1,4. Br/(nsted plot obtained from zero-order 
bromination of Diethyl Malonate,
a, water; b, dihydrogen phosphate; c, mono- 
chloroacetate; d, glycollate; e, acetate; 
f, trimethylacetate; g, monohydrogen phos­
phate; h, hypobromite; i, borate; j, hydr­
oxide.
products, A (3 value of 0,65 for diethyl malonate obtained 
from our results indicates a transition state tending
/TO
more towards the products. Bell et al obtained a value 
of 0,79 (Fig, 1.4), The difference may be accounted for 
by the bigger scatter of the observed points in the brom­
ination results,
A comparison of Bellfs bromination results and our
detritiation results provides values of the primary
H Thydrogen isotope effect k / k . The results of Table
1,4 show that the magnitude of the isotope effect varies
H Twith ApK, increasing value of k / k being associated
with a decrease in ApK, as would be expected from theory.
As all the anions used as catalyst are weaker bases than
the anion of diethyl malonate (pK = 15*75 ± 0 . 2 ) ^ ’^
an increase in the basic strength of the catalyst renders
the transition state more symmetrical, thus increasing 
H Tk / k , in agreement with our findings,
It was also of interest to determine the rate of 
detritiation of diethyl malonate in the RauTin-Thom 
medium. This is a synthetic medium used for growing 
fungi (see section 3*3 Tor composition of the medium). 
Although the medium contains many organic and inorganic
it it
compounds the active species which can catalyse the 
reaction appear to be tartrate and phosphate, present 
as their ammonium salts. The observed rate of detriti­
ation may therefore, be expressed by
kobs = k?CH0HC00-)2 [(CH0HC00-)2] + 1 ^ 2 -  [ H P O ^ ]
The contribution of OH” in equation l-(xvii) may be
neglected as the pH of the medium is 4.0. A calculation 
Tof based on the above equation, taking into account
the activities of the catalysing species gives a value 
-5 -1of 1.75 x 10 sec , while the experimentally observed
— 5 —1value is 1.24 x 10 sec • The agreement seems to be 
fairly reasonable for the following reasons. First the 
composition of the medium is complex, the contribution 
of all the species on the rate of detritiation is not 
known and finally activity coefficients of the two
6 9species calculated from the simple DebeyyHuckel equation
are approximate. These results demonstrate that a
reasonable estimate of the rate of detritiation of
diethyl malonate in various media used in biological
experiments can be obtained if their composition with
respect to kinetically active species is known.
Sodium acetate does not show any detectable detritiation
even in alkali solution (0.215 M NaOH). Bonhoeffer et 
76
al. observed no exchange of hydrogen with deuterium 
in acetate at room temperature in D^O containing KOD.
A velocity constant of 1.6 x 10” sec” at 25 C was 
obtained on extrapolation of the results at 100°C for 
1 M OD concentration. This indicates that alkali catalysed 
detritiation will not be observed under our experimental 
conditions.
In a large number of reactions involving base catalysed 
cleavage of carbon — hydrogen bonds large increase in
the rates have been observed by changing the basicity of
aqueous alkaline medium by the addition of dipolar aprotic
77-79solvents such as dimethyl sulphoxide. However, kin­
etic runs even in such a highly basic medium as OH” - 
DMSO - Hr>0 mixture of H = 18,0 did not show detectable 
detritiation over a period of 6 days, Thus although we 
have not been able to determine rate constants for tritium 
transfer reactions from sodium acetate, the experiments 
serve to illustrate the stability of the label.
It may be concluded from these studies that tritium 
labelled sodium acetate can be used in biosynthetic 
experiments involving long period of incubation even 
when the medium is highly acidic or alkaline. Diethyl 
malonate on the other hand should be used for relatively 
short incubation time (e,g, < 2  days), Its use in highly 
alkaline medium is not practical. Thus in the Raulin-Thom 
medium in which the pH decreases with the growth of fungi, 
diethyl malonate can be safely used, while in Czapek-Dox 
medium which becomes alkaline, it will have a limited 
application.
1.4. Experimental 
Materials
The reaction solutions were prepared using boiled- 
out deionised distilled water and 'analar' grade reagents. 
Where reagents of lesser purity were available they were 
purified by standard techniques. The purity of such compounds 
was checked by m.p. (or b.p.), OT, IR and n.m.r. spectro­
scopy where appropriate.
Alkali solutions were standardised using potassium 
hydrogen phthalate. Hydrochloric acid solutions were titrated 
against standardised sodium hydroxide solutions. Solutions 
of other acids (acetic, monochlordacetic, dimethyl-, 
trimethyl- acetic, benzoic,and tartaric acids) were prepared 
by weight and standardised in the same way.
Buffer solutions were prepared by partially neutralising 
acid solutions with standardised sodium hydroxide solution 
or by using corresponding amounts. of the sodium salt of the 
acids. Sodium chloride was used to keep the ionic strength 
of the medium at 0.10.
Tritiated diethyl malonate was prepared by homogeneous 
exchange with tritiated water (specific activity 5.0 Ci/ml, 
supplied by the Radiochemical Centre, Amersham ) # The 
procedure consisted of adding a small quantity (~ 0.01 
ml) of tritiated water and sodium carbonate (10 mg) to 
purified diethyl malonate (5 ml) and dioxan (1 ml) was 
added to obtain a homogeneous solution. The mixture was 
allowed to stand at room temperature for two days, after 
which anhydrous sodium sulphate was added. The solution
was transferred to a distillation flask and distilled 
under reduced pressure. Diethyl malonate distilling 
over at 42°C / 0.5 mmHg was collected.
Sodium acetate-T (sp. activity 266 mCi/mM) was 
obtained from the Radiochemical Centre.
Procedure
Measurement of the Rates of Detritiation
The rates of detritiation were determined using both 
the conventional and initial rate methods. The liquid 
scintillation counter, Beckman LS-100 was used for 
counting the tritiated samples. A solution of PPO in 
toluene (3-5 g/l) was employed to count substances 
soluble in the organic solvent while tritiated water 
was counted in a commercially available dioxan based 
scintillator, NE-250 (Nuclear Enterprises Ltd.) which 
was capable of accepting 20 %. v/v of water.
Conventional Method
To 75 ml of reaction mixture, which had been 
equilibrated in a thermostat bath at 25°±0.1°C (the 
temperature control was always within the same range 
at other temperatures as well), a small amount of labelled 
compound was added (the concentration of the substrate
-4was less than 10 M). Samples of the reaction mixture 
(5 ml) were withdrawn at different time intervals. The 
tritiated compound was separated by first of all injecting 
into tubes containing 10 ml of scintillator and 10 ml 
of water. After shaking the toluene layer was separated
and dried over anhydrous sodium sulphate. The tritium 
content was determined by counting a 5 ml aliquot. In 
the case of acetate the extraction of the reaction mixture 
(2 ml) was done with a mixture of ethyl acetate (2 ml) 
and PPO scintillator (10 ml). In alkali catalysed kinetic 
runs samples were neutralised with hydrochloric acid 
before extraction.
Except in case of very slow reactions, reactions 
were normally followed over at least two half lives;
10 samples were taken during each kinetic run. A typical 
set of results obtained for the water-catalysed detritiation 
of diethyl malonate is given in Table 1.6 and plotted 
in Figure 1.5.
Initial Rate Method
The method used for reactions with long reaction 
half-lives was experimentally similar to that employed 
in the conventional method. The samples (5 ml for 
diethyl malonate and 2 ml for sodium acetate) were 
withdrawn at different time intervals, extracted with 
toluene or ethyl acetate (2. x .10 ml) and organic layer 
discarded. The activity (a^) ot the aqueous layer was 
determined by counting an aliquot (1 ml) in NE-250 (5 ml). 
Radioactivity at infinite time (a^) corresponded to 
the total activity of an unseparated reaction mixture 
as small amounts of tritiated material would have no 
significant quenching effect. This was found to be so. 
Usually three samples of unseparated reaction mixture
Table 1,6, The Detritiation of Diethyl Malonate in Water 
at 25°C ( Conventional Method)
Time Malonate Radioactivity log^Q cpm
(hours) (cpm x 10^)
0 163,4 5.2133
5.5 153.9 5.1873
21.0 126,9 5.1034
28.5 111,5 5.0473
45.0 90,0 4,9542
53.0 82.0 4.9138
69.0 66,5 4,8228
77.5 60,3 4,7803
93.0 48,9 4.6893
98.0 45.6 4.6590
A plot of log^Q cpm versus time is given in Figure 1.5.
6 T
It has a slope = -k / 2,303 = - 1.574 x 10” sec"*,
T —6 —1hence k = 3.82 x 10” sec” .
The second order rate constant for catalysis by water 
is therefore 3.62 x 10 / 55.5 = 6.52 x 10” l.mol” sec
5.3
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log CPM 
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20 40 10060
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1 2 080
Figure 1,5. Kinetic plot for the detritiation. of
Diethyl Malonate (Conventional Method)
Table 1,7. The Detritiation of Diethyl Malonate in Water 
at 25°C (Initial Rate Method)
Time Radioactivity of Radioactivity of
r\ HTO reaction solution
o / 3 3(cpm x 10 ) a qo (cpm x 10 )
3 18,3 87k
15 20,8
30 24.0
45 27,3 '
60 29.7
75 32,5
90 35.1 911
105 38.8
120 41.2
135 43.8 888
a O T = 891,000 + 13,300 ;
A plot of a^ _ (cpm) against time (Fig. 1,6) gives a 
straight line with a slope of 3.216 sec ^ from which 
= 3 ,6l x 10~^ sec”"}
4 5
4 0
35
10 CPM
3 0
2 5
2 0
6 03 0 9 0
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120 1 5 0
Figure 1,6. Kinetic plot for the detritiation of Diethyl 
Malonate (Initial Rate Method)
(1 ml) withdrawn during the kinetic run were counted 
and a mean value was taken as a
The results of a typical run obtained from the water- 
catalysed detritiation are summarised in Table 1.7 and 
plotted in Figure 1.6.
The initial rate method is very sensitive to the 
presence of trace impurities. Therefore, results obtained 
by this method were usually checked, where possible, 
with those obtained by the conventional method. Results 
obtained from the two kinetic techniques for the water- 
catalysed detritiation of diethyl malonate are compared 
in Table 1.8
Table 1.8. Comparison of the two Kinetic Techniques used 
for Measuring Rates of Detritiation of Diethyl
Malonate in “Water at 25°C.
T -1k, detritiation rate constant in sec
Technique 10^ k1* Mean Value, 10^kT
Conventional Method 362, 367, 3^9 359 + 7
Initial Rate Method 36l, 361, 33^ t 352 + 12
The catalytic constants for basic anions were obtained 
from the relationship
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2 .1 , Introduction
Proton nuclear magnetic resonance spectroscopy is an 
established analytical technique which has been applied to 
a large number of chemical problems especially in organic 
chemistry. The relatively lower interest in deuterium 
n.m.r. spectroscopy may be ascribed to the poor sensitivity 
and inferior resolution. Tritium however, has superior 
nuclear properties even to the proton in respect of n.m.r, 
detection. The nuclear properties of the isotopes of 
hydrogen are given in Table 2 ,1 ,
1 2Table 2.1. Nuclear Properties of the Isotopes of Hydrogen ’
Isotope Spin N.m.r. frequency Percent Natural Relative
(MHz) for 10 abundance sensitivity
Kgauss field
H (%) 12 42.577 99.984:4 1.00
D (2H) 1 6.536 ■1.56 x 10~2 9^64 x 10~3
T (3H) 12 45.414 < 10“l6 1,21
In fact the relative sensitivity of tritium at constant
field is higher than that of any other magnetic nuclide.
Furthermore, its resonance frequency is sufficiently 
different from that of the proton to give a first order 
splitting in the tritium spectrum, thereby allowing the 
spectrum to be readily interpreted.
Only recently has tritium n.m.r, spectroscopy been 
studied. The main reason for this has been the fact that
this isotope of hydrogen is. radioactive, A compound with
one hydrogen completely replaced with tritium has a specific
3activity of 29,12 Ci/mmol, The first high resolution
spectrum of a tritiated compound was obtained by Tiers 
4
et al. on neat ethyl benzene-1,2-T at ca, 1 atom percent
tritium abundance and operating at a field strength of
8800 gauss and 40,0MHz, The sample contained 10 Ci of
tritium activity in 300 pi. The authors pointed out the
dangers from pressure developing in the sample tube due
to self radiolysis of a highly labelled compound and
stressed the potential contamination hazard, Elvidge and 
5coworkers used a micro-cell assembly to reduce the amount 
of radioactive sample to 30 pi, thereby minimising problems 
of radiation safety. In addition, a computerised spectral 
accumulation considerably improved the limit of detection 
and, for example, a tritium n,m.r, spectrum of [5-T]uridine 
was obtained on an 8 mCi sample. Spectra were similarly 
obtained using the simple Perkin Elmer R,10 spectrometer 
for a selection of compounds including glucose, leucine, 
phenylalanine and thymidine, The method was found to be 
satisfactory for the routine measurement of tritium n,m,r, 
spectra, With the advent of Fourier-transform instruments 
a further improvement in detection sensitivity was anti­
cipated so that tritium n,m,r, spectroscopy could be applied 
to the elucidation of chemical and biochemical problems 
using moderate levels of radioactivity. The present thesis 
describes the realisation of these possibilities.
Even with these improvements in instrumentation, high
specific activity radiochemicals are desirable for tritium
n,m,r, spectroscopy. This is particularly necessary when
the solubility of the labelled compound in the n,m,r,
solvent is very low. Various methods of preparation of
6labelled compounds are available. Synthesis by direct
chemical methods provides specific labelling and is
especially valuable when very high specific activities
(of the order of Ci/mmol) are required, Isotopid exchange
7 8methods are simple and widely used. The Wilzbach method ’
is based on radiation induced exchange between the
hydrogen atoms of a compound and tritium gas. However,
the labelled product is usually accompanied by impurities
arising from radiation induced side reactions so that
careful purification is required; the specific activities
obtained are normally in the range of 0,1 to 1,0 mCi/mmol
9
except when large quantities of tritium gas are used. 
Catalytic exchange methods in solution using tritiated 
solvents are among the most useful methods, Both homo­
geneous and heterogeneous catalysts can be employed. The 
heterogeneous exchange method using PtO^ is perhaps best 
known, ^  The homogeneous exchange reactions may or may 
not require a catalyst. The scope of the method has 
considerably been extended by the application of highly 
basic media,^ Compounds like dimethyl sulphoxide and 
toluene have successfully been labelled in this way. The 
exchange methods produce radiochemicals of high specific 
activity and purity. The relative ease of labelling of
even complex molecules by isotopic exchange makes many 
of the biosynthetic methods of labelling, which have 
been used with carbon-14, less necessary with tritium. 
However, one of the main merits of the method is that 
it can frequently provide stereospecific labelling, usually 
not possible by other methods.
In this chapter the synthesis of labelled compounds 
of high specific activity is reported and also their 
tritium n,m.r. spectra. Some of the compounds are 
subsequently used for biosynthetic studies.
2.2. Results
The tritium n.m.r, spectra -were recorded on a pulse, 
Fourier-transform spectrometer (Bruker TtfH 90), The 
measurements were made at 25°C. The n.m.r, detection 
sensitivity was determined with progressively diluted 
tritium activity as tritiated water. The results are 
shown in Table 2,2.
Table 2.2 , N.m.r. Detection Sensitivity : Signal/Noise 
Ratio observed on HTO Samples.
Activity 10 Percent Iso- 
(mCi) topic abundance
4.62 
2,31 
1,15 
o,5o‘
5.81
2.90
1.45
O .63
Number of Signal/Noise
pulses ratio
' b
4,72 x 103
1.9 x 10
15.38 
7.73
3,30
3.00
a in a 30 \Ll spherical micro-bulb
2,5 [is pulse at 1.7 s interval 
c reference 12, 2.0 [is pulse at 1.7 s interval
In the early part of the work chemical shifts were 
measured using tritiated water as an internal reference. 
Triton and proton chemical shifts reported are given on ihe
6 scale in ppm from HTO (or H^O) at 6 = 0, high field 
shifts being negative and low field shifts positive, Later 
referencing was based on the application of the Larmor 
frequency ratio 0),p/a)jj in order to obtain the position
of the tritium 1 ghost1 reference from the observed
12n.m.r. frequency of the normal standard. The chemical
shifts have been expressed on the 6 scale, similarly to
proton shifts, using tetramethylsilane (TMS) or sodium
2,2-dimethyl- 2-silapentane-5-sulphonate (DSS) as
internal reference. The results are presented in Table
122,3 and 2.4, Literature data on sodium malonate and 
acetic acid have also been included.
Table 2 ,3 , Triton and Proton Chemical Shifts from internal
Tritiated Water.(ppm)
Compound Position
labelled
&T 6h 6T/6H
Sodium acetate 2 -2.91 -2.87 1.01
Acetic acid 2 -2,77 -2.72 1.02
Sodium malonate 2 -1.60 -1.63 0.98
Diethyl malonate 2 -0,50 -0.47 1.06
^ typical tritium n,m,r. spectrum of sodium acetate
along with the proton spectrum is shown in Figure 2.1.
It shows a sharp triplet (JR T=l4.93 Hz) which results .
from equal coupling to the two geminal protons in the
labelled methyl group, A small doublet (J„ m =l4.93) arises
ri, ±
from the doubly labelled species. This gave a high field
6 0.021 ± 0.003 ppm secondary isotopic shift, (CHT cOONa)
2
^T (CH TCOONa) ^ wea-^ doublet was also discernible in
2 .
the proton spectrum of the same sample, yielding an iso-
topic shift &H (CH -TCOONa) “ 6H (CH-COONa) = * °*003 PPm ,
^ 3
high field from the main methyl signal.
(a)
F igure
(b)
Ji
HDO
1 6
2.1, Fourier-transform n.m.r. spectra of sodium
3 3acet^te-T in Do0; (a) H spectrum, 9 *72 x 10
1pulses at 1,7 s intervals, (b) H spectrum 
(DSS).
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2.3. Discussion
The resonance frequency of a nucleus x at a given
field strength, Bq depends on the magnetogyric ratio of
that nucleus, y , The frequencyy necessary for thex x
resonance is given by
y B (1 - (5 )•o 'X O °XVx = ------- --------
2n .... 2- (i)
where <5 is the nuclear screening constant. The relation-IS
ship between the chemical shift 6 of the nucleus x in ax
sample and the frequency of the resonance line and of
37the relevant internal reference V x can be expressed 
by the equation 2- (ii)
6 = ( V S - V r ) / V rX ■ X X yx
= ( V ®  / V x >  - 1 2-(ii)
By appropriate combination of equation 2-(i) and 2-(ii) 
for both the triton and proton equation 2~(iii) is obtained,
6T = [ (1 - <J*) / (1 - <s%) ] - 1
6h [ (1 -tf®) / (X - jj) ] - 1
.... 2- (iii)
If an assumption is made that the local nuclear screening 
remains virtually unchanged for a single isotopic 
replacement then
S  g  *p
CT /p ~ & h and Cf ^  ~ ($ h
so that equation 2- (iii) reduces to the approximation
The experimental results (Table 2.3 and 2.4) show that
triton and proton chemical shifts are indeed virtually
identical. This has recently been confirmed in a study
12on 26 tritiated compounds. A similar correlation of
13chemical shifts has been obtained by Price between
14 15 14 117
N and N and by Tupciauskas et al between Sn
119and Sn isotopic pairs. The significance of a direct
correspondence between triton and proton shifts lies in
the fact that one can use the enormous compilation of
proton chemical shifts from the literature for the
prediction and assignment of tritium n.m.r. spectra.
The very close proton and triton shifts despite the
large isotopic mass differences suggest that the effect
of different electronegativities, zero point energies,
bond lengths and Van der Waals radii upon the screening
constants are very small, so that the primary isotope
effect on the chemical shifts is negligible. Nevertheless
small secondary isotope effects have been observed. Thus 
3the H spectrum of a compound of high specific activity
in which at least a few percent abundance of the doubly
labelled species is present e.g. sodium acetate-T, shows
a secondary isotopic shift of 0 .0 2 1  + 0 ,0 0 3  ppm. This is
12in agreement with the previous results.
The tritium n.m.r, signal for tritiated water is a
sharp singlet presumably because the exchange is sufficiently
fast to effect triton proton decoupling. Although the
5 12signal has been used as an internal reference ’ water 
is not an ideal reference, because it is anisotropic and
gives rise through specific interaction with solute to 
chemical shifts which are highly dependent upon concent­
ration and temperature, However, it has certain advantages 
e,g, it behaves as though it were radiochemically stable, 
self radiolysis producing HT and oxygen which recombine 
so that spectral complications are not introduced as they 
would be in the case of organic tritiated compounds. Also,
tritiated water is a truely equivalent reference both 
1 3f o r  H and H m easurem ents because o f  f a s t  s i t e  exchange
of the isotopes.
A c c u ra te  m easurem ents o f  th e  Larm or fre q u e n c y  r a t i o
0)tA>h as 1*06663975 ± 3 enables referencing of a tritium
signal from the observed n.m.r. frequency of a normal
i n t e r n a l  r e fe r e n c e ,  The n o rm a l i n t e r n a l  r e fe r e n c e  such
as TMS, or DSS for water soluble compounds, is thus used 
1 3
b o th  f o r  H and H s p e c t r a .  The m ethod does away w i t h  
th e  need  f o r  a d d in g  any t r i t i a t e d  r e fe r e n c e .
The minimum s p e c i f ic  a c t i v i t y  o f  t r i t i a t e d  w a te r  
d e te c te d  b y  t r i t i u m  n .m . r ,  u s in g  a c o n tin u o u s  wave 
in s tru m e n t  e .g .  P e r k in -E lm e r  R . 10 was 300 m C i/m l i . e .
— 2 c1 .0  x 10~ % isotopic abundance of tritium. With the pulse, 
Fourier transform technique used in the present investi­
gation the sensitivity has considerably been improved. 
Tritiated water of specific activity 16,7 mCi/ml corres- 
ponding to 6,3 x 10 % tritium isotopic abundance has been
detected (Table 2 .2), It is possible further to enhance 
the sensitivity of tritium detection by at least a factor 
of two by an increased number of spectral accumulation.
2,4, Experimental 
Equipment
A Bruker ItfH 90 n,m,r, spectrometer operating by the
pulse, Fourier-transform method has been used to record
1 3the spectra. The operating frequencies for H and H 
spectra were 90*02 and 9^,02 MHz respectively.
Preparation of Tritiated Compounds 
Materials
Orsellinic acid was synthesised as outlined in section 
3*3* Acetate-T (sp, activity 2,4 Ci/m mol) was supplied 
by the Radiochemical Centre, Amersham, Penicillic acid 
was obtained biosynthetically from Penicillium cyclopium 
(see section 3 .2). Monoethyl malonic ester was prepared 
by the controlled hydrolysis of diethyl malonate using
15
alcoholic potassium hydroxide. The free acid obtained 
on acidification of the potassium salt was fractionally 
distilled to give the liquid, b,p. 67-68°C / 0,07 mmHg;
IR (neat liquid) 3170 s(br), 2680 m and 1735 s(br) c m " V  
1H n.m.r, (CDC1„) 6 1.30 (3, t, JR 7.03 Hz), 3.44 (2,s), 
4.24 (2, q, J„ 7.03 Hz) and 10,58 (l,s).
Procedure
High specific activity radiochemicals were prepared 
by base catalysed homogeneous exchange in solution using 
tritiated water as a source of label. By suitable 
modification of the method described in section 1.4 for 
the preparation of tritiated diethyl malonate and using 
high specific activity tritiated water (30 or 200 Ci/ml)
the labelled compounds suitable for tritium n,m,r, spec­
troscopy were obtained. The reaction conditions are given 
in Table 2,5.
Table 2.5. Preparation of Tritium Labelled Compounds
Compound mmol Fraction Vol.of Medium Time Sp.act.
of Compound HTO(jil) (days) Ci/mmol
3.1 65 Dioxan-HTO 7 1.68
Na2co3
0.18 25 IIT0-Pot,salt >t 0.66
of the 
compound
0.30 20 HTO-NaOH k 0.82
Micro-Cell Assembly
The micro-cell assembly with a 30 pi spherical micro-
5
bulb has been described previously. In the present work 
a 100 (il cylindrical micro-cell (Wilmad-529, from the 
Wilmad Glass Co, New Jersey,USA) has been more frequently 
used,.The cell is filled with a solution of labelled 
compound in the n.m.r. solvent along with an internal
reference using a'Hamilton* 100 p,l syringe, It is then I
■ \
sealed carefully so that it fits the teflon* holder f
and slides easily into the standard n.m.r. tube (5 mm).
The cell is positioned in the n.m.r. tube with the help 
of a removable plastic rod which screws into the 'Teflon* 
holder (Figure 2,2). Carbon tetrachloride is placed in 
the n.m.r. tube to a depth of ca. 3 cm, to minimise
Diethyl
malonate
Monoethyl
malonic
ester
Orsellinic
acid
Figure 2,2. Micro-cell Assembly
NMR Tube
C Cl.
Inserting
Holder
M i c r o - C e l l
wobble when the complete assembly is spun in the spectro­
meter probe.
Referencing
When tritiated water was used as an internal reference 
it was added to the solution of the labelled compound in 
D^O, In the ghost referencing method TMS or DSS was added 
to the sample in the normal way. This provides the gene­
rally accepted internal proton reference. The accurate 
resonance frequency of internal proton reference, 
available from the spectrometer output, is multiplied
by the Larmor frequency ratio 1,06663975 to give the
3reference frequency for H n,m,r, spectrum. This corres-
3ponds accurately to the origin of the H signal which 
would arise if monotritiated TMS (or DSS) was present 
in the sample. The appropriate commands to the computer 
then places this ghost internal reference signal upon 
the right hand ordinate of the chart paper. The chemical
3
shifts of the H n,m,r, signals from the sample are then 
obtained from the print out, or from the chart in the 
usual way,
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3.1* Introduction
Primary metabolites are the products resulting from
a series of interrelated enzyme catalysed reactions (both
degradative and synthetic), which provide the organism
with its energy, synthetic intermediates and key macro-
molecules such as proteins and DNA. On the other hand
secondary metabolites are biosynthetically derived from
primary metabolites and play no obvious role in the
economy of the organism. Whereas primary metabolites are
basically the same for all living systems, secondary
metabolites have a restricted taxonomic distribution.
The systematic study of secondary metabolites of
fungi began with the researches of Raistrick and cowor-
kers'J' Some of the metabolites possess antibiotic activity
or other physiological properties, which subsequently
stimulated interest in these products. As a result, large
numbers of fungal metabolites have been isolated and
characterised. Their chemistry and biosynthesis have
2-4 'been discussed in several reviews.
Biosynthetic Pathways
Polyketides are a large class of natural products 
that possess structures of great diversity, but are 
related by their biogenetic origins. Fatty acids, poly­
acetylenes, macrolides and single and multi-ringed phenols 
are categorised as polyketides, since all are assembled 
from units derived from acetate. Fatty acids occur 
in all organisms, Polyacetylenes are found in plants and
5 6fungi and show a distinct resemblance to fatty acids. ’
Acetylenic metabolites with C^g chain length have been
7shown to be derived from related fatty acids. Most of
the natural macrolides obtained from micro-organisms exhibit
antibiotic properties. These are unusual examples of poly-
8ketides incorporating both acetate and propionate units.
Phenolic polyketides are produced by micro-orgariisms and
higher plants. These are the characterstic secondary
metabolites of the Fungi Imperfecti and the Ascomycetes
and occur relatively rarely in the Basidiomycetes.
9 10Collie ’ found that a number of aromatic compounds 
could be obtained from dehydracetic acid by submitting 
it to various chemical reactions. For example, orcinol
was produced on heating dehydracetic acid with caustic
o *’soda at 150 C. Commenting on his results he wrote, I think
therefore, that when it is possible to show that merely
using simplest kind of change, namely condensation, acetyl
group will produce pyridine, benzene and naphthalene
derivatives, we have imitated nature in a remarkable 
n
manner. However, Collie’s ideas went unheard for a long
time. The advent of radioactive tracer techniques led to
the discovery of the citric acid cycle in fungi and the
recognition of the fundamental role of acetate in the
formation of cycle’s intermediates.^  Similar conclusions
12were reached for fatty acids synthesis.
13Robinson recalling Collie’s work, suggested that 
the synthesis of phenols might involve head to tail 
condensation of acetate units. However, the first definite
l(tproposals were made by Birch and Donovan in the form 
of polyketide theory for the biosynthesis of many mould 
and plant products. It was suggested that these natural 
products are built by head to tail condensation of acetate 
(or other acyl units) followed by intramolecular cyclisa- 
tion via C-acylation or aldol condensation. Accordingly 
a Cg chain (3,5,7-trioxooctanoic acid; I,R = Me, or its 
derivatives) could give rise to various phenolic products 
depending on cyclisation pattern,as shown in-Scheme 3*1.
R,COOH + 3 CH^.COOH
" 3 H 2 °
R , 'co ,  6c h 0 , 5c o ,  4ch  , 3c o ,  2c h _ .  V o o h  ( I )
cyclisation
C-acylation 
at C-l, C-6
reduction at C-5; dehydration
R, 7C0. 6CH . 5CH : 4CH, 3C0. 2CHQ, ^OOH
aldol condensation 
at C-2, C-7
C-acylation at 
C-l, C-6
aldol conden­
sation at 
C-2, C-7
COR HO R
c o 2h  HO
COR
H
R
OH 0H
Scheme 3.1. Condensation reactions leading to the form­
ation of.phenols, R = CH^- or other suitable group, 
e,g , CgH^, CH : CH-,
The general validity of the polyketide theory was estab­
lished by studying the pattern of labelling of many fungal
l4
metabolites incorporating [ Cjacetate, which was found 
indeed as predicted. The examples 6-methylsalicylic acid 
(6-MSA) (11)^ griseofulvin (III)^ and alternariol (IV)*^
given in Scheme 3,2 show the probable folding patterns
l/j.
and sites of incorporation of [1- C]acetate into the 
expected positions.
k ch3co2h
7 ch3co2h
OC/ C \ CO-CH.* I
C C-C0oH
\  /  2
CO
.CO CO CO
\  /  \  /■ \
c c c- c
*  I I
OC ,CO„H OC.
SCH.
OH 
(II)
co2H
CO
1 CH3
/
0
OCH3 1 f CH3
CH-0
CO_H
•>=0 (III)
(IV)
Xk -tScheme 3.2. Incorporation of [1- Cjacetate into phenolic 
metabolites in fungi. The labelled carbon atoms 
are marked
Biosynthesis of most of the polyketides has been
explained by suitable folding of a single aliphatic chain.
There are however, a few compounds which appear to arise
by condensation of two chains e.g. citromycetin (V), and
14fulvic acid (VI). Experiments with [2- C]malonate suggest
t !»
that two acetate1 starter units are involved in the
18biosynthesis of citromycetin, as indicated in Scheme 3*3* 
However, in some cases e.g. sulochrin (VII) ^  the evidence 
is not conclusive,^
HO
HO
CO^H
(V)
OH
HO
HO
(VI)
C02CH3
(VII)
The retention of oxygen of acetate has been shown in
l8orsellinic acid (VIII) using O-labelled acetate precur- 
21sor. The label was incorporated into the hydroxyl and
carbonyl groups as shown in Scheme 3*^*
Structural modifications introduced by oxidation,
decarboxylation and alkylation etc,, account for the
2
diversity of known fungal metabolites. The polyketide 
theory however, places the multiplicity of natural products
Scheme 3.3. Alternative biosyntheses of citromycetin and 
fulvic acid, A two-chain derivation has been est­
ablished.
k CH .COOH — —> k CH , CO, SCoA — —* CH . CO, [CH . CO]_CH0 .C O . S . 
3 J J £ £ £
CH.
---
HO
rn
(VIII)
COOH
OH
18.Scheme 3.^* Synthesis of orsellinic acid from O-labelled 
acetate (labelled atoms are marked)
belonging to various ring systems into a biogenetic 
perspective.
22Lynen from thermodynamic considerations suggested that 
malonyl-CoA might be the true chain extension agent in 
polyketides rather than acetyl-CoA by analogy with fatty 
acid biosynthesis, <phe decarboxylation accompanying the 
condensation of acetyl (or other acyl) and malonyl-CoA 
encourages C-C bond formation thereby favouring reaction 
in the direction of the synthesis. The nucleophilic 
methylene group is attracted to the electrophilic carbo­
nyl carbon within the thioester of the acetyl moiety.
The possible mechanisms for the reaction are given in 
Scheme 3,5.
0
(a) E-S-C-CH—2 /^ 0
S— &+ t
0 =  C —S—E
<\'s-— + 
CH ' H
O
II
(b) E-S-C-CH —  C
2 \ r
0 =  C -S —E 
I
CH
0
E — SH + C0n + E-S-C-CH 2 n
HO-C 
I
CH.
0
ir
E-S-C-CH.
0= c 
I
CH.
0 
I!
E-S-C-CH-C
+ C0_ + E S H
h o -c -s -e
CH^ H
0
E-S-C-CH
I
o=c
I
CH.
Scheme 3.5. Possible mechanisms of the formation of 
(3-oxoacyl thioesters from malonyl thioester
The alternative mechanism (b) involves the enol form of 
(3-oxoacyl derivative that finally tautomerises to the
24-26ketone. It has been shown that 6-MSA (11)^ ■“ orsellinic
27 28acid (VIII) and alternariol (IV) are in fact, synthe­
sised from 1 molecule of acetyl-CoA plus malonyl-CoA,
The C-methyl carbon atoms in these products are derived 
from acetyl-CoA starter unit which primes the sequence.
The malonyl-CoA or malohamoyl-CoA, its amide derivative
29is the primer in tetracyclines,
The poly-|3-ketone chains of phenolic polyketides
which undergo limited or no reduction, in contrast to
fatty acids, would be highly reactive, A growing chain
should therefore be stabilised prior to cyclisation to
permit chain extention. This might be achieved by enoli-
sation and maintenance of the resultant fixed stereo-
specific conformation by binding to various amino acid
sites of synthetase, possibly assisted by metal ion 
30chelation. Spatial restrictions may also be brought about
by hydrogen bonding of oxygen functions of the molecule.
31Thomas has suggested a mechanism involving poly-{3-
enolate chains which could generate polyketides without
the mediation of ketonic intermediates. This has been
illustrated in Scheme 3*6 for the formation of orsellinic
acid (VIII), Accordingly the enzyme stabilised poly-(3-
enolate (IX) with appropriate geometry undergoes electro-
cyclic rearrangement to an intermediate from which
orsellinic acid is formed by a simple elimination process
1%(path b). Path (a) involves keto derivatives.
The direct extention of this mechanism can account 
for the formation of any carbocyclic polyketide. For
Path* a COSR
1 Acetate
+
3 Malonate
Path'b1* EO
_ OE
COSR
CO^H
(VIII)
Scheme 3 ,6 . Cyclisation of polyketides
example, in the case of the phenalenone nucleus, the 
precyclisation intermediate (X) could undergo conversion 
to (XI) in a single concerted cyclisation step (Scheme 
3,7)* Subsequent elimination of water (or bound enzymes)
would than yield the phenalenone (XII)
OE OE
OEOE
EO EO 0E HO OH
OE OE
OH
(X)
Scheme 3.7* Cyclisation of the phenalenone precursor
The actual mode of cyclisation of any poly-(3-enolate
would be determined by the sequence of cis and trans
bonds, the formation of which may be dependent upon the
stereospecificity of the elimination of the thioester
group from the polyketide intermediates, as shown in
Scheme 3*8. The significance of the concept in defining
assembly patterns in polyketides has been discussed by 
4
Packter,
EO HW
+ \
E E X  CH_ COSR
( 0 X 0o ( O H
CHr— C ' :H0  » CH —  C ~ C —COSR enolate
■ \
EO COSR
Nc=cr 
/  \
ch3 h
trans enolate
Scheme 3 *8 , Stereospecificity of polyenolate formation
The concept of an enzyme-bound series of reactions is
supported by the fact that free poly-p-keto:derivatives
of aromatic products have not been isolated. However,
stabilised ring compounds such as triacetic acid lactone
(XIII) is obtained along with 6-MSA in Penicillium patulum
while the 3-methyl derivative (3, 6-dimethyl-A-hydroxypyran
2-one, XIV) is produced by P. stipitatum together with
33the C^ tropolones, Tetraacetic acid lactone (XV) has 
been found in media from ethionine-inhibited cultures of 
P. stipitatum in which synthesis of the tropolones was
greatly reduced, and isomerises slowly under mild conditions
34into orsellinic acid (VIII)-; Triacetic acid lactone is
OH
H3C
OH
.0 - -0 H3? N ^ o  ch3coch2
(XIII) (XIV) (XV)
p .
also formed by fatty acis synthetase from acetyl-CoA
r35plus 2 molecules of malonyl-CoA when deprived of NADPH, 
indicating the possible similarity of reactions in fatty 
acid and polyketide synthesis.
Cell-free Studies on the Biosynthesis of Polyketides
24Lynen and Tada first obtained a soluble extract
from P . patulum which was effective in synthesising 6-MSA
26(II) in the presence of NADPH,Light obtained a more
active preparation of 6-MSA synthetase and suggested its
probable identity as a multienzyme complex, Lynen and 
36 37coworkers 9 extensively purified the synthetase (> 80%
pure as judged by ultracentrifugal analysis) by initial
stabilisation through acetone precipitation, followed by
ultracentrifugal sedimentation and sucrose density gradient
centrifugation. It was resolved from fatty acid synthetase
at the final stage of purification. The incubation of
the enzyme with acetyl-CoA and malonyl-CoA in the absence
*
of NADPH leads to triacetic acid lactone (XIII) as the 
only product. This indicates that in 6-MSA synthesis 
reduction occurs at the triacetic acid level before the 
final condensation with malonyl-CoA as shown in Scheme 
3 ,9. Some other cell-free systems isolated are orsellinate
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synthetase from lyophilised cells of P. madriti and an
active preparation from Alternaria tenuis capable of
2g
synthesising alternariol, In each case there is evidence
for a multienzyme complex as in fatty acid biosynthesis.
39Cell-free systems for the synthesis of patulin and
k 0stipitatic acid have also been obtained, but these 
contain a mixture of enzymes and no fractionation was 
achieved.
The shikimic acid pathway, besides leading to the common
aromatic amino acids, provides intermediates for "biosynthesis 
of other aromatic compounds. The condensation of erythrose- 
4-phosphate, derived from the pentose phosphate pathway 
with phosphoenol pyruvate, derived by the Embden-Meyerhof 
pathway from glucose-6-phosphate gives 3-deoxy-7-phospho- 
D-arabinoheptulosonate (XVI), This forms shikimate (XIX) 
by a series of reactions given in Scheme 3*10.
Glucose
?°2H 
 > C“ 0
T 2
HOCH
I
HCOH
I
HCOH
I
c h 2o P 
(XVI)
HO.
OH0
OHQH
(XVII) (XVIII)
HO ‘OH
(XIX)OH
Aromatic amino acids,e.g . 
phenylalanine, tyrosine
Secondary metabolites,e ,g .
simple benzenoid derivatives
and phenolic compounds, C/--C ,
C^-C0 and C^ -C., J6 2 6 1
Scheme 3*10, Biosynthesis of shikimate derived metabolites
Cochrane suggested that normally metabolism would 
proceed via the shikimate pathway to produce amino acids 
to build proteins. In culture, however, when there is an 
excess of carbohydrate available with insufficient nitrogen 
for its conversion to amino acids, the shikimic acid or 
some other precursor of amino acids might be used in the 
synthesis of aromatic compounds. The isolation of pyrog-
42allol and p-hydroxybenzoic acid from P. patulum sugge­
sted that aromatisation in this micrororganism could occur 
by one of the two pathways either by shikimic acid or by 
condensation of acetate units. Similarly alternative 
pathways have been shown to operate simultaneously in 
Polyporus tumulosus for the metabolism of Cg-C^ and 
C^-C^ compounds (gentisic acid, a polyketide was found 
to be heavily labelled from shikimate), the relative 
importance of the pathways depending in part upon prevail-
43ing conditions. The shikimic acid pathway appears to 
play a smaller part in -the secondary metabolism of fungi 
and in particular is rarely used by the Fungi Imperfecti, 
which produce a wide range of aromatic compounds by the 
polyketide route.
Although carbon from glucose is necessarily incorpo­
rated indirectly into all fungal metabolites, only a few
secondary metabolites of fungi incorporate the intact
, ,44
carbon skeleton of glucose, e.g, kojic acid (XX),
Fungal terpenes and steroids are derived from 
mevalonate. In the biosynthesis of mevalonate, aceto- 
acetate is formed by the condensation of two molecules 
of acetyl-CoA. Next this product reacts with a third 
molecule of acetyl-CoA under the influence of 3-hydroxy-
3-methylglutaryl-CoA (HMG-CoA) synthetase to generate 
the Cg intermediate, HMG-CoA ( X X I ) ■ Its reduction
48mediated by HMG-CoA reductase forms ~(R)-(+)-mevalonate 
(XXII). The sequence of reactions is shown in Scheme 3 . H
2 CH_.CO.S.CoA . S°ASP][„> CH .CO.CH^ .CO.S.CoA H2°_CH3 *C2^£ 
3 j £
CH
CoASH -n r r„ I rn „ r . NADPH + H+ NADPa v 02C,CH2 ,C,CH2 ,C0.S,CoA   V  ^
OH
(XXI)
?H3 OH
n r /^tt I rw rx/ NADPH + H+ NADP+ CoASH
1 1 t n -  t  O H   V  ja___________________ 2 _______ Sk2 2 | 2 \s A —  >
OH
H C OH H H
3 \  / rN ^ s
H°2Cn /  CV0H
c c
o \  \
H H H Hs r s r
(XXII)
Scheme 3 *11. Formation of mevalonate
Mevalonate forms isopentenyl pyrophosphate which isomer- 
ises to dimethylallyl pyrophosphate and condenses with 
a second molecule of isopentenyl pyrophosphate to give 
geranyl pyrophosphate, the precursor of the monoterpenes. 
Further condensation with isopentenyl pyrophosphate
leads to the carbon chain for sesquiterpenes, diterpenes
3 4 ZlQ 50etc. This subject has extensively been reviewed, ’ * ’
An important development in this area has been the eluci­
dation of the stereochemistry of the reactions by Cornforth 
and P o p j a k , ^ ’^
Many of the secondary metabolites derived from amino 
acids have profound antibiotic activity or other physio­
logical properties and have been studied in detail,e.g.
53 54 55
penicillins, ’ aspergillic acid and related compounds,
ergot alkaloidsf^amanita toxins^ and siderochromes^
The Methods of studying Biosynthetic Pathways
Fungi are convenient organisms for the study of both 
primary and secondary metabolism. The mutation experiments 
and cell-free systems commonly used to study primary 
metabolism have been applied to a limited extent to
59
secondary metabolism. Thus biosynthesis of citrinin,
6 osulochrin and related compounds and especially tetra- 
61cyclines have been studied using mutant strains,Cell-
2 6 3 6 3 7  38 39free systems for 6-MSA, ’ ’ orsellinic acid, patulin
4oand stipitatic acid have been described.
The radioactive tracer method has been the most widely 
used approach to biosynthetic studies. The incorporation 
of small primary units e.g. acetate or mevalonate is 
used to define general pathways involved; the incorpora­
tion of large molecules thought to be intermediates is 
then used to establish the specific pathway. Carbon-l4 
has been the most extensively used isotopic tracer. The 
method consists of supplying the system with a labelled
p re c u r s o r  and th e n  i s o l a t i n g  th e  l a b e l le d  m e ta b o l i t e .
The c h e m ic a l d e g ra d a t io n  is  used  to  r e v e a l  a l a b e l l i n g  
p a t t e r n  in  w h ic h  p r e c u rs o r  u n i t s  can be r e c o g n is e d . I t  
i s  e s s e n t ia l  i n  such e x p e rim e n ts  t h a t  th e  i s o la t e d  p ro d u c ts  
a re  r a d io c h e m ic a l ly  p u re  and t h a t  th e  c h e m ic a l d e g ra d a t io n s  
r e q u ir e d  to  lo c a te  th e  r a d io a c t iv e  atoms i n  th e  p ro d u c ts  
a re  s u f f i c i e n t l y  s e le c t i v e .  F a i l u r e  to  m eet th e s e  r e q u i r e ­
m ents may le a d  to  e rro n e o u s  r e s u l t s .  T h is  m ethod is  o f t e n  
te d io u s  and t im e  consum ing p a r t i c u l a r l y  i n  th e  case  o f  
com plex m o le c u le s . An i l l u s t r a t i o n  o f  th e  number o f  
c h e m ic a l r e a c t io n s  r e q u ir e d  to  be c a r r ie d  o u t even f o r
a s im p le  m o le c u le  such as p e n i c i l l i c  :a c id  ( X X I I I )  i s
62
g iv e n  i n  Scheme 3 ,1 2 .
CH_ 0 —  C : 
3 12
5
CH,
3
=  C — C' *C0
\ I ,|N o'
H^C7 OH 
(xxiii)
1 )  Pd+H,
c6h5nhnh2
2 ) CrO,
5
CH l3v.6J CH-C0oH
7 /  2
CH„
0s04 ,HI04
HCHO
K uhn-R oth
7 6
CH^COOH
BaCO^ + CH^OH (a s  £ - n i t r o -  
_~TJ b e n z o a te )
5 I 1 2  3
H_C — CH— C —C — CH„
c6H5- N N
I
N —NH— C/-H_ 6 5
7 CH.
1 ) HAc + P b04
1 1 2  3
H C = C  — C — CO—  CH
15 6
2 ) A c id  h y d r o l ,  
3
C/-H - 6 5 N
7 CH.
■N
N alO
i 7 6
BaCO^ BaCO^ BaCO,
1 1 2  3
2 2 50°C HC =  C — C — -COOH + CHI0BaCO |5 6 | 3
C/-H — N 6 5 ■N
Scheme 3 .1 2 ,  C h em ica l d e g ra d a t io n  o f  p e n i c i l l i c  a c id
The use of* chemical degradation to locate the isotope
can be avoided by the application of* non-degradative
13techniques of* analysis. Currently C n.m,r, spectroscopy
is being increasingly applied in biosynthetic studies.
The successful application of this technique depends on
the resolution of signals and their unambiguous assignment.
This is being facilitated by the accumulation of data
13on chemical shifts and various techniques of C n.m,r, 
spectroscopy,^’^  The biosynthesis of tropolone sepedonin 
(XXIV) has been studied using [l-^^C]- and [2-^C]acetate 
and [ C]formate, ’ Analysis of the product gave results 
consistent with the following labelling pattern,
0
ch3co2h
h c o 2h
OH
HO
OH
CH(XXIV)
Some other fungal metabolites studied by this technique
are fusaric acidf^ ochratoxin mollisin^ hirsutic
70 71 72acid, tenellin, ascochlorin, and multicolic and
73
multicolosic acids.
The biosynthesis of patulin has been investigated
using deuterium labelled precursors and analysing the
74
products by mass spectrometry. It was observed that 
deuterium from m-cresol (XXV) was incorporated into 
toluquinol (XXVI), gentisyl alcohol (XXVII), gentisaldehyde
(XXVIII), and patulin (XXIX)y suggesting the sequence of 
reactions shown in Scheme 3.13. The retention of deute­
rium from C-6 in m-cresol at C-5 of patulin indicates 
that ring fission of gentisaldehyde should be followed 
by a stereospecific reduction. In support of this, 
deuteropatulin was found to be optically active whereas 
the natural product is not.
Acetate
CH
C°2H
CH OH
OH 
(II)
OH
CHO
3 (XXV)
OH
CH,
OH 
(XXVIII)
Scheme 3.13* Biosynthesis of patulin
(XXVI) OH
OH
(XXIX)
15,Limited number of applications of N in biosynthetic
studies of nitrogen containing metabolites such as
75
l-amino-2-nitrocyclopentanecarboxylic acid and N- (oc-
76
hydroxyethyl) lysergemide have been made. The samples
were analysed by mass spectrometry, Nitrogen-15 is a
magnetic nuclide (I = -§V M' = -0.., 28304, natural abundance
= 0 .3657,and a sensitivity of detection relative to the
-3 77proton (1,00) of 1.04 x 10 ) and therefore, analysis
70
may be carried out by n.m.r. spectroscopy although 
the very long relaxation time for the nucleus may
1*5sometime cause serious difficulties. Recently the N
79n.m.r, spectrum of benzylpenicillin has been obtained,
17The biosynthetic applications of 0, another magnetic 
nuclide (I = 5/2, p, = -1.8930* natural abundance = 3*7 
x 10”"^ and a sensitivity of detection relative to the 
proton of 2,91 x 10“^ ) ^ , can also be envisaged?^1^
However, the low sensitivity to n.m.r, detection has 
supressed interest in these nuclides.
Routine measurements of tritium n.m.r, spectra have
82recently been described. Tritium has superior nuclear 
properties for n.m.r. detection compared to the proton 
and deuteron or even any other magnetic nuclide (section 
2,1). With the high sensitivity of detection now possible 
applications of the technique for the study of biosynthesis 
were anticipated. The object of the present work is to 
demonstrate the usefulness of the technique for such 
studies. Penicillic acid formed by the ring cleavage of 
orsellinic acid has been selected as it shows many 
interesting features of polyketide biosynthesis.
Biosynthetic Studies on Penicillic Acid
o o
Penicillic acid, first isolated by Alsberg and Black 
from the cultures of P. puberulum, has since been shown
£to be produced by a variety of fungi such as P. cyclopium,
85 86P. madriti and P . baarnense. It is produced in large
quantities in blue-eye diseased corn caused by P. marte-
87 88 89nsii. The compound possesses antimicrobial activity. 1
90It is toxic to mammals, and has proved to be carcino-
. , 91genic m  rats/
Birkinshaw et al, by chemical degradation studies
established the structure of penicillic acid as y-keto
OGP-methoxy-6-methylene-A -hexenoic acid (XXIII b) or the
* 92corresponding tautomeric y-hydroxylactone (XXIII);
8
CH-0 C CH OCH
3
5 6
CHo= 0 -  C.L iCO «
2 I l \ 0 ^  CH3
3
CH2=  C —  GO —  C =  CH —  C02H
Hj C7 OH
(XXIII) (XXIII b)
93 94Shaw - and Ford et al. on the basis of spectrophotometric
investigations of penicillic acid and its derivatives '
showed that penicillic acid in aqueous solution existed
completely in the lactone form (XXIII). Chemical synthesis
95of penicillic acid has been achieved by Raphael,
The biosynthesis of penicillic acid was studied by 
Birch et al?^ using [l-^Cjacetate, They suggested that 
a head-to-tail condensation of four acetate units to 
give orsellinic acid (VIII), and a subsequent 1,2 cleavage 
of the aromatic ring to form penicillic acid,as shown in
Scheme 3*1^*
4 ch3co2h
CH
'OHHO
CH.
CH^O
+ CO,
C02H
Scheme 3.1^. Biosynthesis of penicillic acid 
86Mosbach confirmed that orsellinic acid is converted to 
penicillic acid by P, baarnense but showed by the incor­
poration of specifically labelled precursor into penici­
llic acid, that cleavage of the aromatic ring occurs at 
4,5 (Scheme 3.15) and not at 1,2 as suggested by Birch 
et al,
CH CH.
CO_H H_C
HO^C
+ CO
OCH.
Scheme 3*15 Ping cleavage of orsellinic acid according 
to Mosbach
Similar results but without evidence concerning the ring- 
opening have been obtained using orsellinic acid formed 
in the presence of ^ C  labelled acetate^’ ^
Malonate has been shown to be efficiently incorporated
62 98into penicillic acid in P, cyclopium, ’ However, the 
labelling pattern was strikingly different from penicillic 
acid derived from acetate. Thus carbon 6 and 7 which 
represent a C_ unit derived from acetate (the primer) 
are not appreciably labelled by either methylene or
carboxyl carbon of malonate, Therefore, malonate is not
incorporated, through decarboxylation to acetate, The
biosynthesis of penicillic acid thus would result from
the condensation of 1 acetyl and 3 malonyl units. This
22is in accordance with the suggestion of Lynen that 
malonyl-CoA is the real condensing agent in polyketides.
3 .2 , Results and Discussion
3 *2 ,1 , Selection of Culture
A culture of P. madriti available from the collection 
of Professor R, Thomas, was tried first for production 
of penicillic acid. The mould was grown on Czapek-Dox 
medium in surface culture. Following the method of
O r
Birkinshaw and Gowlland, metabolism solution from 7 to
24 days old cultures was worked up. However', no penicillic
acid could be isolated indicating that the culture had
lost the capability of producing penicillic acid. The
period of storage, details of subcultivation etc,, of
which no record was available are known to affect the
92synthesis of metabolites,
92
P, eyelopium-produces penicillic acid in good yield,
A culture of this strain (IMI 89372) was obtained from 
the Commonwealth Mycological Institute, Kew, Surrey, It 
grew well on potato-dextrose-agar (PDA) and Czapek-Dox 
agar slopes,; Growth was comparatively rapid on PDA slopes, 
Sporing started after 3 days of inoculation of slopes 
when white mycelium started becoming dark green. Slopes 
vrere heavily spored in 6 to 7 days,
3.2.2, Isolation of Penicillic acid
P. eye lopium was grown on Raul in-Thom medium in sur­
face or shaken culture, Penicillic acid was obtained from 
the metabolism solution. It was concentrated under vacuum 
and extracted with chloroform. The residue, obtained on 
distilling off chloroform under vacuum, was crystallised
from water (charcoal) when hydrated penicillic acid, m.p,
59-63°C (lit?^ 58-64°C), was obtained. Dehydration over
o 92calcium chloride gave penicillic acid, m.p, 83-84 C (lit; 
83-84°C). The m,p. remained unchanged on subsequent 
recrystallisation from chloroform-petroleum ether (b.p. 
60~80°C) or chloroform-cyclohexane mixture (1:3) (Found:
C, 56.79; H, 5.93. Calc, for CgH^O^ C, 56.47; H, 5.88 %) 
In addition to penicillic acid orsellinic acid was 
detected in metabolism solution by descending paper chro­
matography on Whatman No, 1 paper. The solvent system 
consisted.of benzene-butanol-formic acid (50:1 :1) and 
an authentic sample of orsellinic acid was used as marker. 
The Rf values of 0,83 and 0,48 for penicillic acid and 
orsellinic acid respectively were obtained. Detection 
was done by spraying the paper wirth 1% aqueous potassium 
permanganate solution when the two compounds appeared
as yellow-green spots on pink background. Bentley and 
62Keil detected orsellinic acid in P. eyelopium culture 
by paper chromatography and have estimated the maximum 
concentration (0,015 nig per ml of culture fluid) at 6 or 
7 days by colorimetry,
3*2,3* Properties of Penicillic acid
Penicillic acid is a white crystalline solid, soluble 
in water, ethanol, ether, benzene, chloroform (49,3 mg per 
100 jil at 35°C) and acetone (56.6 mg per 100 p.1 at 35°C) ; 
sparingly soluble in carbon tetrachloride, petroleum ether 
and cyclohexane. Addition of aqueous ferric chloride gave
no colouration, A deep red colour developed in 10 minutes
when hydroxylamine hydrochloride solution (4%) was added
to a strongly alkaline solution of penicillic acid?^ On
standing with concentrated ammonia^ penicillic acid gave
a red colour during 20 minutes. This has been described
92as a sensitive colour test for penicillic acid.
The UV spectrum of penicillic acid in water showed 
X. '227 nm, log E 4.06 (lit. X _  (log S) 225 (4.II)?3 
227 (4,07) ).
IR spectral data on penicillic acid are shown in Table 
3.1. .
Table 3.1. IR spectral data on Penicillic acid
-1Absorption max, cm
Nujol
3270 s 
1741 s
1639 s 
1278 m 
1014 m 
906 m 
806 m
Chloroform
observed
3365 w 
3330 s 
1760 s 
1642 s
lit.
3375 
17 57 
1645
94
Assignment
OH (free)
OH (hydrogen bonded) 
lactol CO 
C = C  
>C-0 
=  CH
' C = c h 2 
i c =  CH
The spectrum supports a lactol structure for penicillic 
acid (XXXII) since the expected absorptions for, the open 
chain structure (XXIII b) at 1720 cm ^ (unsaturated 
carboxylic acid) and 1685 cm"’1' (conjugated ketones) are
a b s e n t ,
1
H n . m . r .  sp ec tru m  o f  p e n i c i l l i c  a c id  was d e te rm in e d
2 2 i n  d e u te r o c h lo ro fo rm , [ H g ]a c e to n e  and [ Hg]DMSO. The
c h e m ic a l s h i f t s  a re  g iv e n  i n  T a b le  3 . 2 ,
T a b le  3 . 2 ,  n . m . r ,  sp ec tru m  o f  P e n i c i l l i c  a c id
*
S ig n a l  p o s i t io n  (6 ) I n t e n s i t y  A ss ig n m en t
cdci3
2
[ Hg]acetone [2H6]DMS0
1.77 1.77 1.64 3 7 C-Me
3.92 3.98 3.85 3 2 O-Me
5.14 5.27 5.41 1 3 H
5.22 5.18 5.15 1 5 H b
5.48 5.44 5.32 i t
5.48T 6.70 7.88 1 OH
*  s o lv e n t  d e p e n d e n t1^®
f i n  CDCl^ OH s ig n a l  was u n d e r 5 w h ic h  d is a p p e a re d  
on s h a k in g  th e  sam ple w i th  D^O as in d ic a t e d  b y  th e  
m easurem ent o f  i n t e g r a l s .
The two m e th y le n e  p ro to n s  (5  H& and H^) show a l l y l i c  
c o u p lin g  to  th e  C -m e th y l p ro to n s  (M p r o t o n s ) .  By s u c c e s s iv e  
i r r a d i a t i o n  o f  th e  th r e e  s ig n a ls  th e  c o u p lin g  c o n s ta n ts  
have been o b ta in e d .
J.M-H = 0 .0  Hz a
M-H^ = 1.4 + 0.3 Hz
H -H ^= 0 .8 8  + 0 .3  Hz 
The s ig n a ls  due to  O-Me and 3 -H  a p p e a r as s in g le t s .
I t  i s  n o t p o s s ib le  to  a s s ig n  th e  v i n y l i c  m e th y le n e
protons in penicillic acid on the basis of* the chemical 
shifts or upon the magnitude of the allylic couplings 
since either the cis or the trans coupling could he greater 
(101-103). Lanthanide shift reagents are increasingly 
being used in structural analysis, 1 and so the
effect of (2,2,6,6-tetramethyl-3,5-heptanedione)^Eu (Eu(thd) 
on the line positions of the methylene protons has been 
examined. The shifts obtained for a solution of penicillic 
acid (crystallised from D O )  in CDC1 on addition of 
increasing amount of Eu(thd)^ are shown in Table 3.3.
Although the magnitude of the shifts is small it is 
reproducible, The results show that a downfield shift 
occurs in 5 and C-Me while 3-H and 0-Me have an upfield 
shift, Penicillic acid has three possible centres -OH,
C =  0 and 0-Me where Eu can coordinate, the carbonyl 
appearing to be the most probable because 3-H shows the 
largest shift, A Dreiding model of penicillic acid shows 
that if Eu is near carbonyl group the protons which come 
in close proximity to the Eu are the C-methyl and the 
trans-methylene proton, and so these should be affected 
most. In fact, as seen from Table 3.3, only one of the 
methylenic protons, shows a lanthanide shift and thus
may be assigned as the proton trans to the C-methyl 
group,
Nuclear overhauser enhancement (NOE), which is the 
change in the integrated intensity of the n,m,r, absorption 
of a nuclear spin as a result of the concurrent saturation 
of another n,m,r, resonance, has been used to obtain
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Information on molecular structure. For example the
n,m,r, spectrum of dimethylacrylic acid (XXX) consists
of three multiplets: a septet at 6 5.66 due to H-l, a
doublet with J =1,3 Hz at 6 1,97 due to one of the methyls
and another doublet with J = 1,3 Hz at 5 1,42 due to other
methyl protons, In the NOE experiments carried by Anet 
107and Bourn it was observed that irradiation of either 
of the methyl doublets resulted in the reduction of the 
H-l septet to a quartet, However, when the high field 
methyl (8.1,42) was irradiated, the integral of the H-l 
resonance increased by 17 ± 1% whereas saturation of the 
low field (5 1,97) methyl resulted in a 4 ± 1% reduction 
in the intensity of the H-l resonance. As the A methyl 
is much closer to H-l than the B methyl the large enhance­
ment of the H-l signal achieved when the upfieId doublet 
was saturated indicated that this upfield resonance was ' 
that of the A methyl protons. This was in agreement with 
the assignment made earlier on the less sure basis of ,
chemical shifts,
(A) CH H
\  /
C =  C
(B) C H ^  ^COOH
(XXX) ’
The small decrease in the intensity of H-l when the B 
methyl was irradiated was probably the first reported 
negative enhancement arising from the three spin inter­
action, The magnitude of the effect in this case was
however, too small to rule out the possibility of its 
being an instrumental error. Some other examples in which
the stereochemistry has been elucidated by NOE experiments
107 108are dimethyl formamide, cital a and citral b, and
, 109 camphene.
NOE experiments were carried out using a ca, 3% solution 
of* penicillic acid in CDCl^ (99*995 atom % D; oxygen free) ,
The results are shown in Table 3*4,
Table 3*4, Overhauser enhancement parameters (%) obtained 
for penicillic acid in CDCl^
Observing Observed line intensity enhancement on
irradiation of
Ha C-Me
Ha ~ 14,02 - 4,20
\  6.21 - 2,17
C-Me 1,70 0,0 -
It may be objected that the magnitude of the enhance­
ments is not significant enough for conclusions to be 
drawn about the stereochemistry of penicillic acid although 
the somewhat larger effect on C-Me on irradiation of H 
compared to does support the conclusions reached from 
the lanthanide experiments.
It did not seem possible to explain the low overhauser 
enhancements in penicillic acid. Similar observations have 
been made on methyl methacrylate (XXXI) for which comparably 
small differences in overhauser enhancement have been 
observed (Table 3*5.)
(H) H v  CH (C)
J^C=C
(L) H VC00CH3 (0)
(XXXI)
Table 3.5. Overhauser enhancement parameters (%) obtained 
for a neat sample of methyl methacrylate
Observing Observed line intensity enhancement on
irradiation of
H(C) H(0) H(H) H(L)
H(C) - 4 2 1
H(0) 6 - 2 2
H(H) 9 5 -  28
H(L) 6 3 29 -
A possible explanation of low enhancement effect in 
penicillic acid is that the rotation of the vinyl group 
about the C-l, C-6 bond brings the proton very near 
the 0-Me group^which would introduce additional dipole- 
dipole interaction, and hence means of relaxing the 
proton,
KLCO—  C CH •
3 2 3
/ 7
TT CH- H/ 13,
^ C = C - F “CJ *C0
< *  4D OH
The major fragments observed in the mass spectrum 
of penicillic acid are represented in Scheme 3.16,
CH~jtCH 0-C
C H ^ C  — C^ CO
2 I I
nr
ch3o-
h 3c OH
0 
170
CO CH =  CcL t
1*
■Q>
- ch2=c
H3C
c hRCH
OH
142
CH =  C —  Cv .CO
2 i i V
H3C o h
140
nr
-OH
CH,
CH
3
126
ch3o*
HO
0
=0
4-
129 
J*m
CO
ch3o-
HO 04-
7  4-
H — 0
0
0
+ 0
4l
/N
*m -CO
4-
m
CH30H o =
101 69
Scheme 3.16, Major fragments in the mass spectrum of 
penicillic acid
3,2,4, Course of Metabolism of P. cyclopium.
In biosynthetic studies a precursor is usually fed 
to the organism at a time when its synthetic activity is 
high. This can be determined by observing the rate of 
formation of the metabolite during the course of fermenta­
tion, was grown both in surface and shaken
cultures on Raulin-Thom medium, The cultures (2 or 3 flasks 
every day after the mycelium was established, but single 
flask at 2 to 3 days interval, from 12 and 6 days onward 
in surface and shaken cultures respectively) were harvest­
ed, The mycelial weight, pH, glucose,, and penicillic acid 
concentration in the metabolism solutions were determined 
separately. The results have been shown graphically in 
Figure 3*1 and 3 .2 , Each point represents the mean of 
values obtained on individual cultures of the same age.
The growth of P, cyclopium on Czapek-Dox medium was very 
slow.and no penicillic acid was detectable -up to 14 days, 
Penicillic Acid Assay
A colorimetric method of estimation.of penicillic
acid based on its reaction with concentrated ammonia has 
62been described. The metabolism solution was allowed to 
stand with three volumes of concentrated ammonia and the 
optical density was measured after 20 minutes at 5^5 nm. 
Detailed spectral data and the temperature at which the 
reaction was carried out have not been given by the authors, 
We observed a concentration- dependent spectral shift 
when penicillic acid in Raulin-Thom medium was treated 
with ammonia. The optical density did not stabilise even
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Figure 3.^. Plot of optical density at 227 nm against 
concentration of penicillic acid
after 1 hour while the reproducibility at constant temp­
erature and for a fixed time was found to be poor (Figure
3.3).
This reaction was first described by Birkinshaw et
92al; as a sensitive colour test; however, the structure 
of the product is still not known. The colour was found 
to be sensitive to oxygen, since the solution decolourised 
on passing the gas through the solution for 5-10 seconds, 
The method, as such, is therefore not suitable for quanti­
tative estimation but serves as a sensitive qualitative 
test,
The method developed for the estimation of penicillic 
was based on the extraction of the metabolism solution 
with chloroform followed by the UV spectrophotometry of 
the chloroform-extracted material. The efficiency of 
extraction of pure penicillic acid from Raulin-Thom medium 
was found to be 97.17 %* An accurately weighed sample of 
chloroform-extracted material was dissolved in water and 
its optical density at 227 nm was measured. The concentra­
tion of penicillic acid was read from a standard calibra­
tion curve (Figure 3.^0*
The chloroform-extraced material from metabolism 
solution contained mostly penicillic acid. An analysis 
of 6 samples of chloroform-extracted material from 5 to 
8 days old cultures revealed 87.9 ± 3.0 % penicillic acid. 
The weight of the solid extract thus approximates to the 
amount of penicillic acid originally present in the 
metabolism solution. As such in pro-g-r-es-s experiments on
the course of fermentation, the weight of the solid extract 
has been taken to represent the metabolic production of 
penicillic acid.
Surface Culture
Mycelium was established within two days of inoculation. 
It started, deeply folding, from the edges and thickened 
from the third day till 5 to 6 days. Mycelium was a grey 
colour on the top and creamy yellow on the underside. The 
colour of the metabolism solution was brown. The acidity 
of the metabolism solution was found to increase from an 
initial pH 4,0, to pH 3.1 ± 0,2 after 5 days of growth, 
and then remained fairly constant up to 20 days when it 
started to decrease. Mycelial weight increased rapidly 
up to 10 days. Glucose consumption was rapid during 5 to 
10 days of growth. Production of penicillic acid was low 
up to 6 days, after which an active synthesis lasting for 
up to the 12th day was observed. The metabolic activity is 
high during this period, as apparent from the rapid glucose 
consumption. The decrease in mycelial weight with an 
increase in pH and also no significant increase in penici­
llic acid concentration probably represents the stage 
when autolysis starts. Similar observations on the product­
ion of penicillic acid on this strain of P. cyclopium have 
been made. Synthesis of penicillic acid was most rapid 
from 6 to 8 days of growth with a maximum reached at 11 
daysl^ Bentley and K e i l ^  detected the metabolite concen­
tration of 0,20 mg per ml of metabolism solution on 4th 
day of growth with a maximal production of 2,0 mg per ml
usually by the’ 11th day,
Shaken Culture ,
Growth of fibrous mycelium on shaken culture was 
rapid. Mycelial weight was fairly constant from 4 to 8 
days after which it started decreasing with accompanying 
increase in pH of the metabolism solution. The glucose 
level dropped t o < 0.5 g per 100 ml of culture fluid after 
4 days. Penicillic acid synthesis was high during 2 to 5 
days after which it started decreasing.
Large variations in mycelial growth and concentration 
of penicillic acid in the metabolism solution were observed 
in shaken culture, the cause of which could not be deter­
mined, In view of the better uniformity of growth of 
P. cyclopium in surface culture this mode of fermentation 
was selected for subsequent experiments on biosynthesis,
3.2.5. Incorporation of Acetate-T into Penicillic Acid
3.2.5-(i) Low-Level Feeding Studies
The conditions for obtaining tritiated penici-
3llic acid of high specific activity required for H n.m.r, 
spectroscopy were first established from low-level feeding 
experiments in which the amount of radioactivity of 
precursor used per culture flask was ca, 50 |lCi. The 
specific activity of penicillic acid and the percentage 
of incorporation of acetate-T were determined. Acetate-T 
was fed to a normal growing culture of P, cyclopium and 
incubated for 24 hours, Penicillic acid was then isolat­
ed from the metabolism solution (section 3 .2 ,2 ) and
c r y s t a l l i s e d  fro m  c h lo ro fo rm -c y c lo h e x a n e  m ix tu re  ( 1 : 3 )  
to  c o n s ta n t  s p e c i f ic  a c t i v i t y ,  An a c c u r a te ly  w e ig h ed  
sam ple ( 1 - 2  mg) was d is s o lv e d  in  d io x a n  ( l  m l ) ,  and NE- 
2 5 0 , l i q u i d  s c i n t i l l a t o r  was ad d ed . The sam ple was c o u n te d  
in  a l i q u i d  s c i n t i l l a t i o n  c o u n te r  and th e  e f f i c i e n c y  o f
112c o u n tin g  was d e te rm in e d  fro m  an e x t e r n a l  s ta n d a rd  r a t i o  
( see  p ,  122 ) ,  A t y p i c a l  c a lc u la t io n  o f  th e  s p e c i f ic  
a c t i v i t y  o f  p e n i c i l l i c  a c id  and th e  p e rc e n ta g e  o f  in c o r ­
p o r a t io n  o f  a c e ta te  f o r  a sam ple o b ta in e d  fro m  a 6 days  
o ld  c u l t u r e ,  i s  shown b e lo w .
S p e c i f ic  a c t i v i t y  o f  p e n i c i l l i c  a c id -T
A c t i v i t y  (cpm) o f  p e n i c i l l i c  a c id  p e r  mg = 5*902
o f  th e  sam ple
E f f i c ie n c y  o f  c o u n tin g  = 40,3 %
A c t i v i t y  (dpm) o f  p e n i c i l l i c  a c id  /  mg = 14,645
S p e c i f ic  a c t i v i t y  = 14,645
c
2,22 x 10
= 6 ,6 0  x  10  ^ p C i /  mg 
6because 1 p C i = 2 , 2 2  x  10 dpm
P e rc e n ta g e  o f  in c o r p o r a t io n  o f  a c e t a t e - T  in t o  p e n i c i l l i c  
a c id
A c t i v i t y  (dpm) o f  p e n i c i l l i c  a c id  /  mg = 14,645
T o t a l  amount o f  p e n i c i l l i c  a c id  /  f la s k - '  = 3 4 7 . 2  mg
o
A c t i v i t y  (dpm) o f  a c e ta te -T  (55*5 p C i)  = 1 ,2 3  x  10
added to  th e  c u l t u r e  f l a s k
A c t i v i t y  in c o rp o r a te d  in t o  p e n i c i l l i c  a c id
= 14,645 x 347.2
ft
= 5 .0 8 5  x  10 dpm
5.085 x 106 x 100
Percentage Incorporation = “ ~  Z
1.23 x 10tt
= ^.13
Results obtained on feeding the same amount of -the acti­
vity of acetate-T to cultures of P. cyclopium of different 
age are shown in Table 3.6, It is observed that the specific 
activity of penicillic acid decreases with the increasing 
age of the culture, This appears to result mainly from 
the dilution of hot material^ (tritiated penicillic acid), 
with cold already present in the metabolism solution before 
the synthesis of penicillic acid incorporating labelled 
acetate began. The increased percentage of incorporation 
of acetate into penicillic acid obtained from cultures 
from 6 days onward may be accounted for by the increased 
rate of synthesis in this period (Figure 3.1). Thus although 
penicillic acid obtained from 4 or 5 days old culture 
has comparatively Jiigh specific activity, it suffers 
from the disadvantage of a low percentege of incorporation,
3.2.5-(ii) Replacement Culture
An alternative approach for improving the specific 
activity of penicillic acid is based on the removal of 
all cold penicillic acid from the culture at a time when 
synthetic activity is high, e.g, at 6 or 7 days and then 
feeding a precursor. The metabolite produced on incubation 
would remain undiluted, and consequently of higher specific 
activity compared to that from a normal growing culture 
of the same age to which the same amount of acetate-T had
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been added. Such cultures are termed replacement cultures. 
The method consisted of gently removing the metabolism 
solution, without disturbing the mycelial pad, by using 
a water pump. The medium was replaced with a sugar free 
Raulin-Thom medium adjusted to pH 3.0 with hydrochloric 
acid, containing the acetate-T, The results on incorpora­
tion of acetate-T into penicillic acid in 6 and 7 days 
old normal growing and replacement cultures are given 
in Table 3.7.
In replacement cultures the yield of penicillic acid 
decreased to 70-80 % of that from normal growing cultures 
but the specific activity increased by 7-10 times with 
the increased percentage of incorporation of acetate-T.
The reduced mycelial weight in such cultures possibly 
results from the utilisation of endogenous reserves by 
the organism since the medium has been deprived of sugar. 
As high specific activity penicillic acid is obtainable 
in replacement culture, it has been used in subsequent 
experiments,
3,2,5~(iii) Effect of Acetate Concentration
The maximum amount of radioactivity of acetate used 
in high-level feeding experiments was ca. 500 mCi, the 
specific activity of which was> 2  Ci / mmol ( code TRK 
12, supplied by the Radiochemical Centre, Amersham) , This 
amount of radioactivity corresponds to ca. 20 mg (0.25 
mmol) of sodium acetate, The effect of acetate concentra­
tion on the rate of synthesis of penicillic acid and its
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specific activity was studied,by feeding increasing amounts 
of unlabelled sodium acetate premixed with a constant 
amount of acetate-T to 6 days old replacement cultures.
The results are presented in Table 3.8,
Table 3.8, Effect of increasing concentration of acetate 
on the rate of synthesis and specific activity of 
• penicillic acid?
Concentration 
of acetate 
(mmol;
Nil 
0,05 
0 ,10 
0.20 
0,40
Penicillic acid 
/ flask / 24 hours 
. (mg)
70.3
69.3
61.4 
57.6
68.5
10 Specific 
activity 
(jlCi / mg)
5.39
6,65
5.23
5.29
4.88
a Activity of acetate-T / flask = 55.5 p.Ci; Incubation 
period = 2 4  hours
b No cold acetate was added; however, tracer concentration 
(0 .0l6 mg, 0,002 mmol) of acetate derived from 
acetate-T was present in all the flasks.
The addition of cold acetate up to 0.4 mmol concentra­
tion to the culture fluid, does not have any significant 
effect on the rate of synthesis and the specific activity 
of penicillic acid. This could result if all the acetate 
is taken up by the organism. The uptake of acetate was 
determined by gas-liquid chromatography (GLC) of the
60
55
10 C P M
50
T i me  (^hrs.)
Figure 3*5. Uptake of acetate-T by P. cyclopium in 
6 days replacement culture
m e ta b o lis m  s o lu t io n  u s in g  a p o ro p ak  N colum n a t  170°C
113and with propionic acid as an internal standard. The 
sensitivity of detection was found to be 23*4 [Ig/ml of 
acetic acid. The metabolism solution from the 6 days old 
culture incubated with 0,4 mmol sodium acetate (69*6 |lg 
acetic acid per ml of culture fluid) for 24 hours, was 
concentrated ten fold and chromatographed. No peak 
corresponding to acetic acid was observed suggesting 
that the uptake of the acetate by the organism was > 96,6% 
By periodic monitoring of the metabolism solution 
containing tracer concentration of acetate-T, a rapid 
drop of activity (measured as cpm) was: observed for the 
first 3 hours (Figure 3*5)* This indicates a rapid up­
take of the precursor by the organism. However, 70% of 
the initial activity was found to be present in the 
metabolism solution after 24 hours of incubation. Disti­
llation of alkaline culture filtrate showed that 90% of 
this activity was present as tritiated water while ca.
10% was due to  th e  l a b e l le d  p e n i c i l l i c  a c id .  Thus th e  
a c t i v i t y  re m a in in g  in  th e  m e ta b o lis m  s o lu t io n  a f t e r  24 
h o u rs , was p r im a r i l y  due to  HTO and t r i t i a t e d  p e n i c i l l i c  
a c id  and n o t due to  a c e t a t e - T ,
3.2,5-(iv) High Specific Activity Penicillic Acid
The procedure for feeding high activity of
acetate-T for the preparation of high specific activity
3
penicillic acid suitable for H n.m.r, spectroscopy,, 
was similar to that described for low-level feeding. The
radiation safety problems however, in such experiments 
are discussed in an appendix.
The formation of penicillic acid was observed to 
increase rapidly after 6 days of growth of P. cyclopium 
and so it was initially planned to use such cultures 
for the preparation of high specific activity penicillic 
acid. However, it was observed later on, that in some 
of the cultures the onset of the rapid synthesis, measured 
by the total yield of penicillic acid, was delayed but 
it occured definitely by the 7th day. Therefore, a 7 
days old replacement culture was selected for these 
studies. There was no significant difference in the 
specific activity of penicillic acid obtained from 6 
and 7 days old replacement cultures (Table 3*7) and thus 
it may be assumed that the conclusions reached on the 
effect of the concentration of acetate on the rate of 
synthesis of penicillic acid from 6 days old culture 
(Table 3*8) may also apply to 7 days culture.
Two samples of penicillic acid were obtained in 
separate experiments using a 7 days old replacement 
culture, as shown in Table 3.9*
Table 3.9* High specific activity penicillic acid-T 
derived from acetate-Ta
Sample Activity of Penicillic Specific Percentage
t-
No. acetate-T acid/flask activity incorporation
(mCi) (mg) (mCi/mg;
mCi/mmol)
A-l 227.3 65.5 0,25 (42.5) 7.20
A-2 458.7 67.4 0,58 (98.6 ) 8.52
a Sp, activity ~ 2.4 Ci/mmol; Incubation period = 2 4  hours 
b The value is higher compared to samples of penicillic 
acid obtained from low-level experiments. This is 
mainly due to the fact that these samples were cryst­
allised once and not to constant specific activity^ 
from which percentage incorporation was determined,
It was observed that the difference in the specific 
activity of a sample crystallised once from chloro- 
form-cyclohexane mixture and when crystallised to 
constant specific activity was 5-10%. If this is 
taken into account, comparable figures would be obtained.
1 33.2.5~(v) H and H n.m.r. Spectra of Penicillic Acid-T
A sample of penicillic acid ca. 30-35 mg was
2
dissolved in 100 |il of [ H^jacetone and transferred to
1 3a cylindrical micro-cell (section 2,4). The H and H 
n.m.r. spectra were recorded and are shown in Figure 
3*6 (obtained on sample A-2), A satisfactory signal to
(a)
(b)
7 6 5 , 4  3 2 1 5
Figure 3,6, Fourier-transform n.m.r* spectra of penicillic
3acid derived from acetate-T; (a) H spectrum,
4 11,12 x 10 pulses at 1 ,7 s intervals, (b) H
spectrum (MeZj.Si)
3n o is e  r a t i o  f o r  H s ig n a ls  was o b ta in e d . The f o l lo w in g
labelling pattern was clearly seen .in the tritium spectrum.
There was a triplet from the 7- CH,,T group T = 15.5 Hz)
and a s in g le t  fro m  3 -T ,  w i t h  r e l a t i v e  i n t e n s i t i e s  o f
3 .7 5 :1.00 and also a signal weaker than the last, from
the triton in CH2=  C^group corresponding to the 5“H^
proton (the assignment was confirmed by recording the
spectrum in CDCl^ when the signal had a chemical shift
corresponding to that of 5“H^), A weak tritium signal
corresponding to 5-H was also present with an intensitya
of 15-20% compared to that of the 5-T^, The intensity of
the two signals was 0,67. relative to 3-T, No signal
corresponding to 0-Me was observed in the tritium spectrum,
96Birch et al, suggested from incorporation studies 
_ 14 nw ith  LI- C J a c e ta te  t h a t  p e n i c i l l i c  a c id  i s  b io s y n th e ­
s is e d  th ro u g h  o r s e l l i n i c  a c id  ( V I I I )  by  1 ,2  c le a v a g e
86of the ring, Mosbach, from the chemical degradation 
of penicillic acid derived from specifically labelled 
[l-COOH, 2-^^C]orsellinic acid, demonstrated that the 
intermediate undergoes 4,5 cleavage of the aromatic ring. 
The tritium n,m,r, spectrum of the metabolite (Figure 7 
3 ,6 ) showing specific incorporation of tritium at C-5 
demonstrates directly 4,5 cleavage of the ring of orse­
llinic acid, since the alternative 1,2 cleavage would 
not result in the incorporation of tritium from acetate-T 
into the vinylic methylene protons, as represented in 
Scheme 3 .17.
CH2TC02H
1
scission
CChH
OHHO
CH0T
THC
HO^C
-.0
2
T
OCH.
scission
CH^T
CO„HH-CO
CH 0—C =
3 12 3
5 6 I .
T H C = C  — Cl 4
\ /
TH C7 OH
CmA
CT
I
CO
CH^O-C
HaC l l \ 0 /
TH 2C oh
CT
I
CO
Scheme 3.17. Specific incorporation of tritium at C-5 
in penicillic acid
The apparent specific partial loss of tritium at C-5 
is probably a consequence of the ease of tritium exchange 
in one of the biosynthetic intermediates formed subse­
quently to the ring scission of orsellinic acid, This 
aromatic C-C cleavage, and also that leading to patulin 
(XXIX), are both unusual in that they require a lower
degree of oxidation than the majority of known ring 
. . 114scissions.
115Scheme 3.18 seems possible, involving cleavage
through an electocyclic conversion of the hypothetical
OH 
T
HO
C02H
T
c h 2t
(VIII)
^ - C02H
CH~TCH„T
OCH
OH
CH„T
(XXXIV)
OCH
t A y 0
V*
OCH
OH
CH_T
(XXXV)
HO C T ch2t
CFT O-C • CT
7 3 12 3
CH T
\  6  ' 4c----c] .CO
• H
l^ 0
I
T
OH
(XXIII)
Scheme 3.18, Biosynthesis of penicillic acid, (i) Number­
ing in (XXIII) corresponds to (VIII) for clarity,
(ii) stereochemistry in (XXXII), (XXXIII), and 
(XXXV) is only relative
epoxide (XXXIII) to an oxepin (XXXIV), which could account 
mechanistically for the formation of penicillic acid 
(XXIII). This scheme would be consistent with the
apparently selective partial exchange of tritium at the 
chiral centre (C-5) of (X X X V ), This could result from 
comparatively rapid enzyme-catalysed stereospecific 
isomerisation of (X X X IV ) to (X X X V ), together with a 
slower spontaneous reversible interconversion of these 
intermediates, which in one direction would effect some 
loss of tritium, and in the reverse direction would 
yield a racemate of (X X X V ), The epoxide (X X X I I )  could 
intermediate the required oxidative decarboxylation.
The O-methyl protons were not labelled as expected,
since they are derived from a C unit e,g, methionineJL i
or formate^
An analogous mechanism involving an appropriate 
epoxide of gentisic aldehyde (XXXVI) may be forwarded 
for the formation of patulin, as indicated in Scheme
3.19.
The C-3 in. patulin is a pro-chiral centre which
explains the observed optical activity of deuteropatulin
while the naturally occuring substance is optically 
I kinactive. The mechanism further suggests C-7 to be a 
chiral centre^ and therefore diastereoisomers of patulin 
may result,
The direct evidence of specific incorporation of 
tritium at C-5 in penicillic acid illustrates the value 
of the technique as a mechanistic probe. The method 
does away with the chemical degradation and would serve 
as an improved technique of studying biosynthesis,
OH 
(II)
CH T.
c °2h
CTO
OH
OH
(XXVIII)
OH
(XXXVI)
OH
CTO
Direct hydro 
xylation or
via e-lactone
OH
(OH") (e-lactone)
Direct
hydroxylation
OHOH
CTO
OH
H-0 OH
0-
.0
H x
T
r T
0 - OH 
(XXIX)
Scheme 3.19. Biosynthesis of patulin
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Recently Seto et al, have also obtained evidence
for 4,5 cleavage of the aromatic ring of orsellinic acid
13 13 13using C- C coupling data from C n.m.r, spectrum
13of penicillic acid derived from [1,2- C]acetate, The
coupling was observed between C-2 and C-3^  as well as
C-5 and C-6, indicating their derivation from the same
molecule of doubly labelled acetate without cleavage
of the C-C bond. The observation suggests that the
cleavage of the aromatic ring should occur at 4,5 and
13 13not at 1,2, since in the latter case C- C coupling 
should be observed between C-l and C-2, C-3 and C-4, 
and C-5 and C-6, as represented in Scheme 3 ,20.
c h - c o2h
4,5-
scission
|H3
H2C^ > - °
h o 2c OCH,
j r
CH 0-C? 
3 I 2
C H ^ C  - C.
H 3C7 OH
CH
0
3
4 CO
C°2H
1,2-
iscission
CO^H
CH.O
j r
CH^O-C
c h 2=  C— C.
CH
.CO
0
H^C OH
Scheme 3.20, Expected 13C-13C coupling in penicillic acid
involving alternative cleavage of aromatic ring of
orsellinic acid
3 .2 ,6 , Studies on the Detritiation of Penicillic Acid
3 .2 ,6-(i) Kinetic Aspects
Penicillic acid-T prepared biosynthetically
from acetate-T (section 3.2,5-iv) was further purified
by sublimation (70°C and 0,03 mmHg) after the addition
of the carrier. The rates of detritiation were determined
by the conventional method (section 1,4), No significant
detritiation was observed in water and acetate buffer
(pH 4.63, r-= 0.1) up to 10 and 7 days respectively.
Hydroxide-catalysed reaction (0.210 N sodium hydroxide)
Tgave a complex kinetic plot. The initial reaction (k
— 4 —1 T= 3*84 x 10 sec ) became slow after 70 minutes (k
- 5 -1= 9*77 x 10 sec ), This was followed by a fast reaction, 
with a rate constant nearly the same as the initial
T r -4 -1reaction (k = 3.65 x 10 sec ) which again became
• T -C _ 1
slow after 2 hours (k ; =* 6,39 x 10 sec ■ “) till at
2 hours 35 minutes the reaction was 91*31% complete.
These results indicate that the detritiation is
possibly accompanied by degradation reactions. This was
confirmed by UV spectrophotometric measurements of
penicillic acid in alkaline solution (0,210 N NaOH). An
absorption band with *^max 223 nm, observed initially,
was found to decrease with accompanying appearance of
a new absorption band, A. 294 nm, at 10 minutes from * ’ max. ’
the beginning of the reaction, with maximum absorption 
reached at 75 minutes. This maximum then started decreas­
ing, On acidification of the solution, after 4.5 hours, 
the initial absorption did not reappear, indicating an
irreversible change.
9kFord et al, observed a similar absorption band,
^max nm’ w i^en an alkaline solution of penicillic
acid was allowed to stand at room temperature. The react­
ion with 0,25 N barium hydroxide has been reported to 
yield a number of* products including carbon dioxide,
formic acid, methanol, and compounds C8HX2°«
92
and ^2.0^10^2 unidentified structure.
The alkaline decomposition of penicillic acid may 
be accounted for by the mechanism presented in Scheme 
3.21.
c h 3°"? = = ?h  CH. 0* OCH3
UR uun.
Ip I 3
C H „ = C  — C. ,C0 ----- CH„= C —  C —  C=CH-C00H2 | | \  /  2 *
h 3c OH OH"
CH, O' OCH, CH,
I 3 I | 3 i 3
CH « C  C —  C =  CH-C00H CH ==C-C00H + CH-0-CH=CH-C00H
I Si + 2 3
OH H (XXXVII) (XXXVIII)
-------- > Further decomposition products
Scheme 3 .21. Alkaline decomposition of penicillic acid
The nucleophilic attack of 0H~ on carbonyl carbon 
followed by C-C cleavage produced conjugated acids e.g. 
(XXXVII) and (XXXVIII), which may also undergo further 
reactions. This perhaps explains the complex pattern of 
the hydroxide-catalysed detritiation of penicillic acid. 
Since the decomposition reaction occurs along with the
detritiation, neither of the observed rate constants
T 
OHcan be used to determine kn„ for penicillic acid.
3 ,2 ,6-(ii) Detritiation during the Biosynthesis of 
Penicillic Acid from Acetate-T
Labilisation of tritium during biosynthesis of a 
metabolite from a tritiated precursor can be studied 
by double isotope tracer technique. The compound is label­
led with and ^ C ,  As the isotope from the lZlC-labelled
compound is not exchanged or lost without fragmentation
3 14of the molecule, the change in H/ C ratio in the
precursor and the final product would indicate the extent
of detritiation, provided isotopic fractionation does
not occur during the biosynthesis.
The detritiation during the biosynthesis of penicillic
3 14a c id  fro m  a c e ta te -T  has been in v e s t ig a t e d  u s in g  [ 2 -  H ,2 -  C]
3a c e t a t e ,  A s o lu t io n ,  p re p a re d  by  m ix in g  [ 2 -  H ] a c e t a t e
and [2-^C]acetate solutions contained 48.67 and 7.45 
3 14(iCi of H and C activity respectively, per ml of the
solution. This solution (l ml/culture flask) was added
to 6 and 7 days old normal growing and replacement cultures
and incubated for 24 hours, Penicillic acid was isolated
and crystallised to constant specific activity.
3 14
The simultaneous assay of H and C was based on
counting a sample in two channels, (channel X and II)
112and the determination of an external standard ratio.
The voltages of upper and lower limits were set to obtain
3optimum efficiency of counting of H in channel I and 
14
of C in channel II, After the initial counting the
137sample was exposed to an external standard ( Cs) and
the resultant emission counted in channel I and channel
I I .  The r a t i o  o f  th e  co u n ts  o b ta in e d  is  d e s ig n a te d  th e
e x t e r n a l  s ta n d a rd  r a t i o  ( E .S t  I / I I ) , The e f f i c i e n c y  o f
3 14c o u n tin g  (E ) o f  H and C and th e  p e rc e n ta g e  o f  s p i l l  
Iko v e r  o f  C co u n ts  in t o  c h a n n e l I  w ere  d e te rm in e d  fro m
th e  quench c u rv e s . Two s e ts  w ere r e q u ir e d .  The sam ple
3 14in  th e  f i r s t  c o n ta in e d  H and t h a t  in  second C (as
la b e l l e d  t o lu e n e ) ,  quenched to  a d i f f e r e n t  e x te n t  by
e th a n o l o r  c h lo ro fo rm . The quench s ta n d a rd s  w ere  used
to  e s t a b l is h  th e  r e l a t i o n  b e tw een  E .S t  I / I I  and th e
3 14r e s p e c t iv e  c o u n tin g  e f f i c i e n c i e s  o f  H and C, and th e  
o v e r la p  (o r  s p i l l  o v e r )  o f  co u n ts  a r is in g  fro m  in t o
14
c h a n n e l I ,  T h is  was d e te rm in e d  fro m  E ( C) i n  c h a n n e l I
w h ich  was m u l t i p l i e d  by th e  o b served  co u n ts  as dpm o f  
14C in  c h a n n e l I I .  The coun ts  th u s  o b ta in e d  w ere  s u b tra
c te d  fro m  th e  o b s e rv ed  co u n ts  i n  c h a n n e l I ,  w h ic h  gave
a n e t  co u n t due to  t r i t i u m  o n ly .  From th e  E ( H) th e
3 14a c t i v i t y  o f  t r i t i u m  as dpm was c a lc u la t e d .  The H /  C
3r a t i o  was th e n  o b ta in e d  fro m  th e  a c t i v i t y  o f  H and  
IkC m easured as dpm f o r  th e  d o u b ly  l a b e l le d  s a m p le , A
3 14t y p i c a l  c a lc u la t io n  o f  th e  H /  C r a t i o  i n  p e n i c i l l i c  
a c id ,  o b ta in e d  fro m  a 6 days o ld  n o rm a l g ro w in g  c u l t u r e  
i s  shown b e lo w .
E .S t  I / I I  = 0.7223
cpm, C h an n e l I  = 24,153
E (3H ) ,  C hannel I  (%) = 42.3
cpm, C h an n e l I I  = 10,521
E ( lZtC ) , C hannel I I  (%) = 55.0
S p i l l  o v e r , C hannel I  (%) = 21,7
14dpm, C = cpm x  100 = 1 0 ,5 2 1  x  100 = 1 9 ,1 3 0
( d i s i n t e g r a t i o n  E ( l 4 c )  
p e r  m in u te )
S p i l l  o v e r  i n  C hannel I ,  cpm = 1 9 ,1 3 0  x  2 1 ,7
100
=4,151
3N e t cpm due to  H in  C hannel I '' = .2 4 ,1 5 3  -  4 ,1 5 1
= 20,002
dpm, = 4 7 ,286
^ H /^ C  ra td ,o  = dpm ( ^ H ) /  dpm ( ^ C )  = 2,47
3 14The H /  C r a t i o  i n  a c e ta te  was d e te rm in e d  on th e  
d e r iv a t i v e ,  jp -b rom ophenacy l a c e t a t e .  In  two s e p a ra te  
p r e p a r a t io n s  3 sam ples o f  each w ere  c o u n ted  w h i ls t  two  
sam ples o f  each p r e p a r a t io n  o f  p e n i c i l l i c  a c id  w ere  
c o u n te d . The r e s u l t s  a re  g iv e n  i n  T a b le  3 , 10 ,
T a b le  3 * 1 0 ,  The ^ H /^ C  r a t i o  in  a c e ta te  p re c u rs o r  and
p e n i c i l l i c  a c id
Sample Acetate Penicillic acid
No, 6 Days 7 Days
Normal Replac, Normal Replac,
1, 7.04 2.47 2,50 2.52 2.48
7.10 2,54 2.49 2,46 2.49
7.05
2 . 6.97 2,46 2.49 2.51 2.56
7 .04 2,46 2,56 2,46 2.52
oo*
Mean
value
7*03 ± 0 . 03 2.50 ± 0.02
3 14Penicillic acid synthesised from [2- H, 2- C]acetate
,14w i l l  be la b e l l e d  as fo l lo w s  ( C atoms a re  m arked)
4 CT
The [2 -" 'H , 2 - X iC ]a c e ta te  has h e re  been assumed to
contain 3 atoms of tritium per molecule of acetate. It 
must however, be stressed that in tritiated acetate it 
is not likely that a triply labelled molecule will be 
present, but, because of the equivalence of the protons, 
the molecule may be regarded as triply labelled for the
3 14convenience of calculations of the H/ C ratio.
Penicillic acid is biosynthesised from four molecules
of acetate (or one molecule of acetate and three molecules
of malonate, section 3 *2 .7 ) and since there are five
acetate (or malonate) derived protons in penicillic acid,
3 14it might be expected that the synthesis from [ 2 -  H, 2 -  C]-
, 14acetate would provide 5 tritium atoms to 4 atoms of C
in each molecule of penicillic acid. In the acetate
3 14precursor the initial H/ C ratio was 7.03 whilst
penicillic acid showed a ratio of 2,50. This is equivalent 
3 14to 4.27 H:4,00 C atoms per molecule of penicillic acid,
derived as follows. One molecule of acetate contains 3
l4atoms of tritium per atom of C so the observed ratio 
3 14
for 1:1 H/ C would be 7.03/3 and hence in penicillic
acid 2.50 x 3/7.03 = 1,067, Penicillic acid incorporates 
i 14ft C atoms and therefore the number of tritium atoms
per molecule of penicillic acid is 1,067 x 4 = 4,27, This 
suggests a loss of 0,73 atom of tritium per molecule of 
the metabolite, Penicillic acid has been shown to be 
stable in water and acetate buffer medium (section
3 .2 .6-i), and is unlikely to detritiate in metabolism 
solution. Therefore the loss of 0,73 atom of tritium 
per molecule of penicillic acid is expected to occur 
during the biosynthesis,
117 o
Light found that in 6-MSA derived from [2- H,
142- Cjacetate, the ring carbon atoms (3 and 5) retain 
0,68 of each tritium atom while the methyl group contains 
2,78 tritium atoms. Thus the methyl group contains 4,1 
times the activity of the ring protons instead of 3 .0, 
as represented in Scheme 3 .22,
2.78 CH, 4.10 CH. 8
CIL0-C =  CH
>|Coph l.oor■y' ^(Co2h 0.670 ,68
2
(a) 0,68 (b) 1,00 (c) 3,75
CHptrr C —  C ■ JcO OH 5 2 ,  , \  ^
H C7 OH
Scheme 3.22 The distribution of tritium in 6-MSA and 
penicillic acid. The distribution is relative 
to C-3 in (b) and (c)
On the basis of a similar biosynthetic origin of 
6-MSA and orsellinic acid, a closely similar distribution 
of radioactivity may be expected in the latter compound, 
and consequently in penicillic acid if no further detri­
tiation occurs. However, the observed distribution of 
tritium in penicillic acid, calculated from the integral
3intensities of* the H signals in the tritium n.m.r. 
spectrum of the acetate-derived metabolite was 3 .7 5 *1.00 
:0.67 for 7-H, 3-H and 5-H respectively (section 3 .2 ,5-v), 
which indicates a further loss of tritium from the 
methylene proton(s),
The condensation of acetate (or malonate) gives 
rise to a tetraketide which then ring closes to orsellinic 
acid, Detritiation of the tetraketide or of any subse­
quent modification containing activated methylene protons 
is likely to be significant. The labilisation of tritium 
is expected to be least from the methyl group of the 
starter acetate and relatively high from methylene protons 
which are activated by the adjacent carbonyl groups.
Such a possibility is clearly indicated from the data 
presented in Table 3.11 on the rates of ionisation of 
some carbon acids
Table 3.H. Rates of ionisation of carbon acids in water 
at 25°C
H — X T — XCompound k sec" k sec Ref,
CH^COOH 3.33 x-ICT13 - 118
Et02CCH2C02Et 2 ,k5 x 10"5 3,59 x 10~6 This work,
119
CH3COCH2COCH3 1.32 x ICT2 6,65 x 10~4 119, 120
C6H5COCH2COCH3 1,11 x 10“2 5.55 x 10*"4 120, 121
-3 -4a2-carbethoxy- 2,21 x 10 3.02 x 10 122
eyelopentanone 
a 24.9°C
The loss of tritium from tetraketide thus accounts
for lesser retention of tritium in the aromatic ring
relative to the methyl group in 6-MSA and similarly in
orsellinic acid, Detritiation from the oxepin intermediate
(XXXV, Scheme 3,18) would result in a further loss of
tritium from 5-H, which explains the pattern of labelling
observed in penicillic acid.
It may be pointed out that the isotope effect has
not been taken into account. The magnitude of an isotope
123effect can be determined in simple reactions (also
section 1 ,2, Table 1,4) but its assessment in a biosynth­
etic pathway involving a number of intermediate reactions 
is very difficult and has not been,attempted,
3,2,7. Incorporation of Malonate-T into Penicillic Acid
Biosynthesis of polyketides involves the condensation
22of acetate and malonate units. As the acetate primes 
the sequence it should conceivably be incorporated more 
efficiently in the first two carbon atoms of the poly- 
ketide chain, while using malonate as a substrate reduced 
incorporation is expected in these carbon atoms. Thus
i
a ■’ starter effect1 may be observed using labelled pre­
cursors but has been found only in a few cases. This is 
due to the fact that the equilibration,of acetate and 
malonate in cells is often very rapid. The ’starter effect1 
may however, be observed if the organism has a poor 
malonate decarboxylase system as apparently is the case
in P, eye1opium. Thus in penicillic acid derived from
malonate-T, C-7 methyl, which originates from the acetate
primer, should not be labelled. This can be demonstrated 
3
by H n.m.r, spectroscopy,
3.2,7-(i) Low-Level Feeding Studies
The specific activity of penicillic acid and 
the percentage of incorporation of malonate were deter­
mined from low-level feeding experiments. The experimental 
procedure using a 7 days old replacement culture was 
similar to that used for acetate. Diethyl malonate,
unlike acetate, detritiates at a significant rate (e,g,
T 6 1krr 0 = 3.59 x 10 sec , Chapter 1) and so incubation
2
periods of only 8 and 2k hours were used. Two batches 
of diethyl malonate-T prepared by exchange with tritiated 
water (section 2,4) had specific activity of 0.277 and 
1,68 Ci/mmol, A 200 mCi quantity of the lower specific 
actvity product, used for high-level experiment, corre­
sponds to ca, 0,75 mmol of diethyl malonate. The effect 
of such a concentration on the specific activity of 
penicillic acid and on the percentage incorporation of. 
malonate were also investigated. The results are given 
in Table 3.12,
The specific activity of penicillic acid and the 
percentage of incorporation of malonate are both relatively 
lower than achieved with acetate. This is because the 
incorporation of malonate provides the 3-H and 5-H protons, 
whilst, acetate is significantly incorporated in 7-H 
as well, GLC of metabolism solution, after incubation
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■with 0,75 mmol of diethyl malonate, on a carbowax 4:000
as an internal standard, showed that the uptake of this
and 2k hours respectively. Since malonate was only partly 
utilised and had a lower specific activity (being diluted 
by 0,75 mmol diethyl malonate), the resulting penicillic 
acid showed a correspondingly reduced specific activity,
3.2,7-(ii) High-Level Feeding Experiments
Two samples of penicillic acid were obtained in 
separate experiments by feeding malonate-T to 7 days 
old replacement culture. The experimental procedure 
was similar to that used with acetate and the results 
are shown in Table 3.13*
Table 3.13. High specific activity penicillic acid (PA)
Sample In cub. Act,DEM Sp.a'ct PA/flask Sp, act ^incorp.
(10%)-celite column at 130 C with benzyl acetate
precursor by the organism was 33.9 and 71.3% after 8
derived from diethyl malonate-T (DEM)
No, period /flask DEM (mg)
(hrs,) (mCi> (mCi/
PA
(mCi/mg,
mCi/mmol)mmol)
M-l 8 207.8 277 52.9 0,020 0,51 
(3 .4:0)
M-2 2k 4:67.6 1680 80.3 0,117 2,01
(19.86)
3,2,7-(iii) N,m,r, spectra of penicillic acid-T 
1 3
The H and H n.m.r, spectra of malonate-derived 
penicillic acid-T were recorded using TMS as an internal
3
reference. The H n,m,r, spectrum of the sample M-2 is 
shown in Figure 3.7, Labelling was observed of only 3-H 
and 5-H protons. It may be stressed that C-7 methyl 
protons were not labelled. The chemical shifts of signals 
in the n,m,r, spectra are given in Table 3*1^*
Table 3.1^. Proton and triton chemical shifts of malonate-
2derived penicillic acid in [ Hgjacetone
Signal '*'H (6 ) (5)
3-H 5.27 5.27
5-H 5.44 5.49ct
5-Hb 5.18 5.19
0-Mo 3*98 absent
C-Me 1,77 absent
The signal intensities were weak particularly of
5-H , in the sample M-l (obtained from 8 hours incubation), a •
However, the identity was confirmed by the shift positions 
of the signals compared with ^H chemical shifts.
The pattern of labelling of malonate-derived penici­
llic acid, which showed the absence of signal correspond­
ing to C-7 methyl, unambiguously demonstrates that the 
synthesis of this metabolite in which orsellinic acid 
(VIII) is an intermediate, should involve the condensa-
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tion of 1 acetate with 3 malonate units, as shown in 
Scheme 3 * 23 »
CH_ ,CO,SCoA CH3 CH 0 - C = C T
3 t ^ N c o . h
COOEt --5--*
3 CHT HOi .^ >
CO.SCoA
2 > CHT =  C —  C v CO
I I
OH H3C OH U
Scheme 3.23. Biosynthesis of penicillic acid
62Bentley and Keil observed that in penicillic acid
derived from malonate, carbon atoms 6 and 7 az'e not
appreciably labelled by either the methylene or the
carbonyl carbons of the malonate. It is therefore apparent
that malonate is not incorporated through decarboxylation
to acetate, and that malonate represents a precursor
beyond the acetate level, A similar situation i,e.
condensation of a single unit of acetate with multiple
units of malonate, has also been demonstrated for tropolones
126produced by P, stipitatum and for carolic acid produced 
by P. charlesiil^^
3,2,8, Incorporation of [3,5-T]orsellinic Acid into
Penicillic Acid
Orsellinic acid is an advanced precursor of penicillic 
86acid. That the ring cleavage occurs at the 4,5-bond was
inferred from the pattern of labelling obtained from
the incorporation of acetate-T into penicillic acid
(section 3 .2 ,5-v), The incorporation of orsellinic acid-T
has been studied to demonstrate directly the mechanism
of ring cleavage,
The synthesis of orsellinic acid was carried out
starting from orcylaldehyde (XL) obtained from orcinol
12 8(XXXIX) by Gattermann synthesis. The aldehyde was 
interacted with ethyl chloroformate to yield dicarbethoxy 
orcylaldehyde (XLI) which was then oxidised to dicarbe­
thoxy orsellinic acid (XLII), The orsellinic acid (VIII)
12 9was obtained on alkaline hydrolysis of (XLII).
CH, CH, CH. CH.
HO OH HO
CHO
OH
CHO
OR RO
c o 2h
OR
(XXXIX) (XL) (XLI) (XLII)
Scheme 3*24, Synthesis of orsellinic acid, R = CO^Et
Orsellinic acid was labelled with tritium in position 
3 and 3 by "the base catalysed homogeneous exchange with 
tritiated water (section 2,4),
The specific activity of penicillic acid and the 
percentage of incorporation of orsellinic acid were 
determined in 7 days old replacement culture using an
experimental procedure similar to that of acetate-T,
The effect of increasing concentration of orsellinic 
acid present in metabolism solution has also been 
examined. The results are given in Table 3.15, After 
incubation the metabolism solution no longer gave a 
distinct FeCl^ colour reaction indicating that orsellinic 
acid has been mostly taken up by the organism.
After orsellinic acid-T (97,5 mCi, specific activity
815 mCi/mmol) had been fed to a 7 days old replacement
culture, penicillic acid was isolated (yield 71.5 nig,
specific activity 19.52 mCi/mmol, percentage of incor-
1 3poration 8,42), The H and H n.m.r, spectra of the 
2sample in [ H^]acetone were recorded, with TMS as an
internal reference. The tritium spectrum is shown in
Figure 3*8, The labelling of 3-H and 5-H protons was
observed. The specific incorporation at C-5 shows that
the cleavage of the aromatic ring of orsellinic acid
occurs at the 4,5-bond since the alternative 1,2 cleavage
would not show labelling of the vinylic protons at C-5
of penicillic acid (Scheme 3.17). The orsellinic acid
was not labelled at the methyl group and therefore no
signal corresponding to C-7 methyl protons was observed
in penicillic acid,
3
The H n.m,r, spectrum shows a broad signal arising 
from the uncleaved orsellinic acid. This was confirmed 
by observing the tritium spectrum with broad band proton 
decoupling (Figure 3,8-b). This revealed two singlets 
of equal intensity at 6 6,34 and 6,27 corresponding to
ab
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the two ring tritons in orsellinic acid (section 2,2),
The pattern of labelling of penicillic acid obtained 
in this case with similar degree of labelling at C-5 and 
C-3?irrespective of whether acetate or malonate precursors 
had been used,suggests that the partial detritiation of 
the vinylic protons at C-5 occurs subsequent to the 
formation of orsellinic acid. This may be from the oxepin 
intermediate (XXXV), as indicated in Scheme 3.18,
3.2,9. Conclusions
The first Successful application of tritium n,m,r, 
spectroscopy to the study of the biosynthesis of penici­
llic acid has been demonstrated, Incorporation of acetate-T 
and orsellinic acid-T confirmed directly and unambiguously 
that penicillic acid is formed via a 4,5 cleavage of
the aromatic ring of orsellinic acid. This is in agreement
86with the results obtained by Mosbach from degradative
studies on penicillic acid derived from specifically . 
l4C labelled orsellinic acid, and recently by Seto et 
aill6 £»rom 13c n,m,r, spectroscopy of penicillic acid 
derived from doubly labelled acetate, Malonate incorpo­
ration experiments showed that penicillic acid is 
synthesised by the condensation of 1 unit of acetate 
with 3 units of malonate.
The present study has shown that tritium n,m,r,
3spectroscopy is a convenient and direct probe for H 
incorporation at moderate levels of radioactivity. This
1*3
new technique has several advantages compared with C 
n.m.r. spectroscopy. These include,
(i) the absence of significant amount of isotope at 
natural abundance,
(ii) the availability of radioactivity as a monitor of 
the isotopic content,
(iii) the chemical shifts and coupling constants are 
very closely related to those of the cor*responding proton 
spectrum, thus making interpretation simpler,
(iv) it can provide a direct indication of stereospeci- 
ficity e.g. in non-equivalent olefinic and prochiral 
methylene groups,
3,2.10, Future Prospects
The use of tritium n.m.r, spectroscopy in the present 
study on the biosynthesis of the fungal metabolite 
penicillic acid could be extended to other natural products 
Depending on the percentage of incorporation of radio­
active primary precursors these investigations could be 
carried out with moderate levels of radioactivity (200- 
500 mCi); and this level may be considerably reduced 
using labelled intermediates of the biosynthetic pathway 
involved where the dilution of the precursor with the 
product of endogenous synthesis is less.
The technique is particularly useful in the study, 
of the stereochemistry of biological transformations. 
Recently the mechanism of dehydrogenation of testesterone
ion
(XLIII) has been investigated and was shown to involve
a la, 2(3 elimination to form 1,4-androstadiene 3,17-dione
(XLIV), as represented in Scheme 3.25, the results being
131consistent with the earlier work. The reaction was 
carried out by incubating Gylindrocarpon radicicola 
(ACT 11011) with 50 mCi of tritiated testesterone for 
24 hours,
(XLIV)(XLIII)
Scheme 3.25. Stereospecific dehydrogenation of testesterone
The application of the technique in drug research to 
investigate metabolic transformations would be promising.
It may be concluded that, provided a satisfactory level 
of activity can be incorporated into a metabolite, tritium 
n,m,r, spectroscopy is a potentially useful non-degradative 
technique in the study of biochemical reactions.
3,3. Experimental
3.3.1. Composition of Media
(a) Raulin-Thom Medium
This has the following composition: D(+) glucose 
(50,0 g), tartaric acid (2,67 g), ammonium tartrate 
(2,67 g), diammonium hydrogen phosphate (0,40 g), pota­
ssium carbonate (0,40 g), magnesium carbonate (0,27 g) , 
ammonium sulphate (0,17 g), ferrous sulphate heptahydrate 
(0,047 g) and zinc sulphate heptahydrate (0,047 g), 
dissolved in 1 litre of distilled water. The initial 
pH of the medium is 4,0,
When used for surface culture, 350 ml of the medium 
was dispensed into 1 litre flasks while for shaken culture 
60 ml was placed into 250 ml flasks. The flasks were 
plugged with non-absorbent cotton wool and sterilised 
by autoclaving at 15 lbs, per sq, in, pressure for 20 
minutes,
Modified Raulin-Thom medium used in replacement 
culture contained all .the contents of a normal Raulin- 
Thom medium except glucose, and was adjusted to pH 3.0 
with hydrochloric acid,
(b) Czapek-Dox Medium
It contains D(+) glucose (50,0 g), sodium nitrate 
(2,0 g), potassium dihydrogen phosphate (1,0 g), magnesium 
sulphate heptahydrate (0,5 g), ferrous sulphate hepta­
hydrate (0,01 g), in 1 litre of distilled water. Distri­
butions of the medium in flasks and autoclaving were 
carried out similar to the Raulin-Thom medium above. The
initial pH of the medium was 4,6,
(c) Solid Media
Potato-dextrose-agar (PDA) medium contained potato 
extract (prepared by boiling potato slices, 200 g, in 
1 litre water for 45 minutes), 2% glucose and 2% agar.
The mixture when hot was dispensed (10 ml) in culture 
tubes and autoclaved, These were allowed to cool on a 
sloped surface to obtain a large nutrient surface area, 
Czapek-Dox agar slopes were made from Czapek-Dox medium 
containing 2% agar,
3.3.2, Inoculation
(a) Slopes from slopes
This was carried out by transfer of spores on a wire 
from a sporing slope to another in sterile surroundings, 
Slopes were incubated for a period ca, 6 to 7 days which 
allowed sporing from the fungi,
(b) Flasks from slopes
Sterile water (ca, 10 ml) was poured into a heavily 
sporing slope and the surface of the slope was scratched 
with; a wire. An aliquot (ca, 3 ml) of the spore suspen­
sion was then poured into the flasks under sterile 
conditions, The flasks were kept in an incubator at 24°C for 
growth in surface culture. For shaken culture, the flasks 
were placed in an orbital incubator with a rotating table 
at 250. rev,/minute at 24°C,
3.3.3. Isolation of Penicillic Acid
The metabolism solution from a culture of P, cyclopium
was separated by filtration. It was concentrated to l/lOth 
of original volume under vacuum at 45 to 50°C, and extracted 
with chloroform (2 x 90 ml), The extract was then dried 
over anhydrous sodium sulphate, A crystalline residue 
was obtained on distilling the chloroform off under 
vacuum. On crystallisation from water (charcoal) and a 
chloroform-cyclohexane mixture (1:3), pure penicillic 
acid was obtained,
3.3.4, Estimation of Penicillic Acid
An accurately weighed amount of the chloroform-extracted 
material was dissolved in water. The optical density of 
the solution was measured at 227 nm. from which the conc­
entration of penicillic acid was read from the standard 
calibration curve (Figure 3.4),
The efficiency of extraction of penicillic acid 
from Raulin-Thom medium was determined by extracting a 
known amount of penicillic acid added to the medium.
The results are shown below,
(i) Amount of penicillic acid added to Raulin- = 74,1 mg 
Thom medium (300 ml)
This was concentrated to 30 ml and extracted 
with chloroform (2 x 90 ml)
(ii) Weight of the chloroform-extracted material 
(first extraction) = 64,4 mg
Optical density measurements
Chloroform-extracted material (2,66 mg) was dissolved 
in distilled water (100 ml), The solution (5 ml),
was diluted to 10 ml, and optical density at 227 nm was 
determined,
0,D, = 0,83 = 0,0126 mg/ml (from Figure 3.4)
The original solution therefore contained 0,0126 x 2 x 100 
= 2,52 mg of penicillic acid (94,73% of the chloroform- 
extracted material was penicillic acid)
(iii) Weight of chloroform-extracted material 
(second extraction) = 11,8 mg
Optical density measurements carried out as above 
showed that it contained 93.10% penicillic acid,
(iv) Total penicillic acid
extracted = 64,4 (94,73%) + H .8 (93.10%)
= 61,01 + IO.99
= 72,0 mg
Percentage extraction = 97.17%
Penicillic acid is efficiently extracted from 
Raulin-Thom medium. The correction factor (0,9717) for 
' the efficiency of . extraction has not been applied in 
the estimation of penicillic acid in metabolism solution.
3.3.5. Course of Fermentation of P. cyclopium
The cultures were harvested at different time of 
growth. In addition to the determination of the conce­
ntration of penicillic acid in metabolism solution, the 
following measurements were also carried out,
(a) pH measurements
The pH of the metabolism solution was determined
using an EIL pH meter, against standard buffers of pH 
4.0 and 7.0 at 20°C,
(b) Mycelial Weight
Mycelium was pressed dry between filter papers and 
then dried in an oven at 110°C for 3 hours. Dry mycelial 
weight was recorded. Mycelium incorporating radioactive 
precursors was however, dried over concentrated H^SO^ 
under vacuum,
(c) Glucose Concentration
Glucose concentration in metabolism solution was
132
determined using the Nelson method. To 2 ml of suitably 
diluted metabolism solution containing 25 to 100 [ig/ml 
of glucose, an equal.volume of copper reagent was added. 
Tubes were heated for 15 minutes in a boiling water bath 
with: a cover glass, After cooling under cold tap 2 ml 
of arsenomolybdate reagent was added and mixed well.
The optical density at 520 nm was measured after 20 
minutes against a blank. Glucose concentration was read 
from a standard calibration curve. The concentration 
has been expressed as g/100 ml of metabolism solution.
The copper reagent contains anhydrous sodium mono­
hydrogen phosphate (28 g), sodium hydroxide (4 g), sodium 
potassium tartrate (40 g), copper sulphate pentahydrate 
(8 g), and anhydrous sodium sulphate (180 g) per litre of 
reagent. The phosphate and tartrate were dissolved in 
about 600 ml, sodium hydroxide in 100 ml, and copper 
sulphate in 80 ml of distilled water. Each is then added
in turn with stirring. Finally,, sodium sulphate is added 
and filtered after standing at room temperature for 3 
days, and made up to a litre,
Arsenomolybdate reagent is prepared by adding conc­
entrated sulphuric acid (21 ml) to a solution containing 
ammonium molybdate (25 g in 450 ml water). Disodium 
arsenate heptahydrate (3 g in 25 ml water) was added to 
this mixture. After keeping it for 48 hours at 37°C the 
reagent was ready for use,
3,3,6. Spectrophotometric Analysis
UV spectrophotometers models No, SP-500, SP-800 and 
SP-l800 were used for optical density measurements, XR 
spectra were recorded on a Perkin Elmer 157S infra-red 
spectrophotometer, N.m.r, spectra were taken on a Bruker 
W.H 90 n.m.r. spectrometer (section 2,4),
NOE experiments were carried out on a solution of 
penicillic acid, crystallised from deuterochlo-
roform (99*995 atom % D, Ryvan Chemicals, Southampton).
It was bubbled with nitrogen and capped immediately with 
a rubber seal. The solution was frozen in liquid nitrogen 
and attached to a vacuum line to evacuate it, after 
which it was thawed, The process was repeated 3 times 
to ensure that the solution was properly degassed. The 
n.m.r, spectra were recorded after successive decoupling 
of C-7 methyl and C-5 methylene protons. The integrated 
intensity of signals was measured with.an accuracy of
Mass spectrometry was carried out on an AEI,MS-12 
mass spectrometer, a single focussing magnetic instrument 
of 3000 resolution.
3.3.7. Chromatography
Standard techniques of thin layer and paper chroma- 
133tography were used, GLC was carried out on a Perkin Elmer 
Fll gas chromatograph. The conditions for GLC of acetic 
acid and diethyl malonate are shown in Table 3.l6.
Table 3.16, GLC of acetic acid and diethyl malonate
Parameter
Column
Column size 
Temperature (°C) 
Column 
Injection
Gases
Air
Nitrogen
Hydrogen
Detector
Volume injected (|ll) 
Retention time (min,)
Acetic acid
Poropak N, 
100-200 mesh 
0 ,9 m x 3 mm
175
285
300 ml/min, 
30 ml/min,
35 ml/min.
Diethyl malonate
Carbowax 4000 (10%) 
Celite, 72-85 mesh 
2 m  x 2 mm
130
225
300 ml/min,
30 ml/min,
35 ml/min.
Internal standard
Flame ionisation detector 
0.5 0,2
Acetic acid 7.2 Diethyl 7.3
malonate
Propionic 15.2 Benzyl l4,8 
acid acetate
-pl.00
0.60
O)
cd 0.4 0
30 40
mg/ml (Diethyl Malonate)
20
X Vo-2
50
Figure 3.9. Calibration curve for the estimation of diethyl 
malonate by GLC
A calibration curve was prepared by chromatography 
of the solutions containing different concentrations of 
the compound mixed with the standard concentration of 
internal standard. The peak heights of the compound and 
the internal standard were measured and the ratio of 
peak heights was plotted against the concentration of 
the compound. A linear plot was obtained. Figure 3.9 
shows the calibration curve for diethyl malonate,
3 .3 ,8 . Determination of Specific Activity
An accurately weighed sample of the labelled compound 
was dissolved in dioxan (l ml) and NE-250 liquid scinti­
llator (5 ml) was added. This was counted in a liquid 
scintillation counter, Beckman LS 100 or Packard Tricarb 
2425. The efficiency of counting was determined from 
an external standard ratio. The samples of high specific 
activity compounds (0,1-0,3 mg) were weighed on a Cahn 
electrobalance model No, 4l00, accurate to + 1 p.g.
The samples were crystallised to constant specific 
activity, A sample of penicillic acid, crystallised to 
constant specific activity was chromatographed and eluted 
with acetone. The sample was again counted. The results 
are given below,
Activity in cpm/mg 
Before chromatography
Penicillic acid crystals = 46,602 
Mother liquor = 45,053
After chromatography
TLC (solvent system: chloroform-alcohol (9:1), 
silica gel G254, 250 layer)
activity = 45,074
Paper chromatography (solvent system: benzene- 
butanol-formic acid (50:1:1), Whatman No, 1 paper)
activity = 46,914
• t  .
The results indicate that product was not contami­
nated with any other labelled substance having same
crystallisation characterstics,
3 14The sample of [2- H, 2- C.Jacetate was counted as 
jD-bromophenacyl acetate. The acetate solution mixed with 
carrier sodium acetate was carefully acidified, then 
refluxed with equimolar quantity of jD-bromophenacyl 
bromide in ethanol (5 ml) for 1 hour. On cooling the 
mixture white needle shaped crystals were obtained which 
were recrystallised from dilute ethanol (60%), m,p,85- 
86°C,
3.3.9. Synthesis of Orsellinic Acid
A sample of orcylaldehyde (XL) synthesised from
orcinol (XXXIX), according to the method of Adams and 
128Levine, on crystallisation from water gave pale yellow
needles, m,p, l82°C (lit. l82°C), \Et0H 332 (3.9^), 291max.
(4.18) and 232,5 nm (3 . 91) »■ 3) max (Nujol) 3120 s (v,br), 
1622 s, II69 s, 870 m, 830 m and 8l8 m cm"!'
Dicarbethoxy orcylaldehyde (XLI)
A solution of orcylaldehyde (5.32 g, 0,035 mol) in
acetone (25 ml) was treated with ethyl chloroformate 
(3.8 g, 0.035 mol). Sodium hydroxide (l N, 35 ml) was 
added slowly while the mixture was cooled and stirred.
The mixture became turbid and more acetone (15 ml) was 
added. The addition of ethyl chloroformate followed by 
alkali was repeated twice using the same quantities of 
the reagents. After adding water (150 ml) the reaction 
mixture was cooled in an ice-bath for 30 minutes when 
a colourless crystalline solid separated out, recrysta­
llised from petroleum ether (b.p. 40-60°C), m.p, 58-59°C
(lit’!'2  ^ 60°C), yield 9,8 g (94.6%), A.Et0H 256 nm (4,07);max.
V max (Nujol) 1770 s, 1760 s, 1691 s, 1250 s (br) cm”!
Ethanolic FeCl^ gave no immediate colour reaction.
A red-brown colour was obtained on keeping the solution 
for 24 hours,
Dicarbethoxy orsellinic acid (XLIX)
Dicarbethoxy orcylaldehyde (XLI) (9.2 g, 0,031 mol) 
was. dissolved in acetone (75 ml) and treated slowly with 
potassium permanganate (9,2 g in 150 ml water) at 40°C,
Heat was evolved. The reaction mixture was cooled to 
maintain.it between 40-45°C, After the addition was 
over (45 min,) sulphur dioxide was passed in the solution 
to remove manganese dioxide. A white crystalline solid 
separated out. This was dissolved in ether. The mother 
liquor was extracted with ether (2 x 150 ml) . This together 
with the main fraction was dried over anhydrous sodium 
sulphate, A crystalline solid was obtained on distilling 
off the ether, m.p, ll4°C (lit^2^ 112°C), yield 7.9 g
F+ O H
(8l.4»/o), 27° nm (2.74), 1) max. (Nujol) 3100 m (br),
2655 m, 2570 m, 1772 s, 1758 s, I69O s and 1235 s cm'J 
No possitive ethanolic ferric chloride colour test 
was obtained even after 24 hours,
Orsellinic acid (VIII)
Dicarbethoxy orsellinic acid (XLII) (7,7 g, 0,02 mol) 
was treated with sodium hydroxide solution (5 N, 28 ml) 
and left at room temperature for 90 minutes. On acidi­
fication with concentrated hydrochloric acid a bulky 
white precipitate was obtained, recrystallised from 
water, dried over ^2^5 100°C for 2 hours, m.p. 183-
l84°C (lit*3^ 184-185°C), yield 2.02 g (48,7%), \ Et0H’ max,
252 (3 .93)9 295 (3 .38), in the presence of acid 262 
(4,09), 298 (3 .65), in the presence of alkali 273 (3 .98) 
and 299 (4.15) ; A)max. (Nujol) 3370 m, 269O m, 2520 m,
1640 s, 1620 s, 1262 s, 840 m and 800 m cm ^ n.m.r. 
[2H^]acetone 6 2.52 (3, s, 7-Me), 6,29, 6,26 (2, AB qua­
rtet, J = 2.0 Hz, C-3 and C-5) and 9.44 (3 , s broad
cl D
band 1.11 ppm wide, 2-, 4- OH and 1-C00H)
Aqueous and ethanolic ferric chloride gave an imme­
diate purple colour.
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APPENDIX
Handling of Tritium Labelled Compounds and Radiation Safety 
The level of radioactivity used in the present study 
has varied from less than a microcurie to a maximum of 
10 Ci, The necessary precautions required in handling 
tritium labelled compounds have been described^- and were 
observed in this work. These include working over spill 
trays and in fume cupboards whenever possible, and the use 
of protective clothing and gloves.
Tritium is a soft (3-emitting nuclide. As such exter­
nal radiation to the body contributes negligible health 
hazard, even the thickness of human skin is sufficient 
to prevent penetration of the low energy (3-particles, No 
special shielding from radiation is therefore necessary 
when handling tritium compounds even at very high level 
of activity. However, the possible assimilation of tritium 
in the body does constitute a potential health hazard as
the internally deposited tritium irradiates the local
2tissues, Lanz and McCall have described a nomogram for 
estimating tissue doses from internally deposited (3- 
emitting radioisotopes, given by the following equation,
D = 74 E T C e
where
D = the dose in rads absorbed by tissue after Complete 
decay,
E = the average energy of the (3-particles in MeV,
Tg= the effective half-life in days,
C = the concentration of the isotope in |lCi/g,
At a concentration of 1 (J,Ci/g tissue for example, tritium
would deliver a dose of approximately 5 rads assuming an
effective half-life of 12 days. The effective half-life
depends on the nature of the compound. For example, the
for glyceryl tristearate-T in the human is 30 to 40 
3days which is about three times longer than for tritiated 
water,
kThe recommendations of the International Commission 
on Radiological Protection (ICRP) for occupational exposure 
to tritium are as follows:
(i) the maximum permissible body burden (mpbb) occupational 
exposure is 1 mCi, This amount of activity in the body 
will deliver a dose of 0,1 rem/week. The tritium concen­
tration in body fluids necessary to maintain this dose
is 0,028 (JtCi/ml? Thus a value of 0,028 fiCi/ml in urine 
indicates 1 mpbb,
(ii) the maximum permissible concentration in air
as tritiated water vapour is 5 x 10~^ [j,Ci/ml
— 3or as tritium gas, 2 x 10 {j,Ci/ml
(iii) the maximum permissible concentration in drinking 
water is 0,1 jaCi/ml,
These figures relate to the uptake of tritium in 
simple chemical forms such as tritiated water or tritium 
gas,
At the University of Surrey the Department of Radiation 
Protection provides a radiation monitoring service. In 
addition, we have regularly monitored the work area by
it »t
taking wipes immediately after an experiment involving
the use of high levels of activity was carried out. The
n  it
wipes were counted in a NE-250 liquid scintillator.
The airborne tritium contamination resulting from an 
incubation of the culture with a radioactive precursor, 
was checked by leaving the vials containing NE-250 liquid 
scintillator and silica gel in the incubator. These were 
assayed for radioactivity after the incubation was over,
A set of results obtained in an experiment with acetate-T 
(section 3 .2 ,5-iv, sample A-2) are shown below:
(i) Activity of acetate-T used in the = 4^8*7 mCi 
experiment
(ii) Activity found in NE-250, kept = 3*77 x 10""^  |iCi 
near the culture
—  2(iii) Activity in silica gel = 3*84 x 10” p,Ci
(silica gel was soaked with water (5 ml), and an
an aliquot (0,5 ml) was counted in NE-250),
— 7The activity in (ii) and (iii) is 8,2 and 7*9 x 10” % 
respectively of the total activity of acetate-T, accumu­
lated in 24 hours, Even if all this amount of radioacti­
vity was released at a single time in the laboratory
7 3(volume of air = 33.5 x 10 cm ) the level of contamina­
tion would be still far than the maximum permissible 
concentration of tritium in air.
In the n,m,r, instrument room, where the samples
were handled for tritium n.m,r, spectroscopy, possible
ii tt
radiocontamination was checked by taking wipes and 
counting. The samples, contained in the sealed micro-cell; 
were always kept in capped vials. The air monitoring was
carried out by sucking air through a liquid nitrogen
5trap containing the liquid scintilliator, No significant
levels of contamination "were detected.
The intake of tritium into the body, if any, has not
6been analysed. This can be determined by urine analysis. 
Recently the Department of Radiation Protection has offered 
such a service, which would be useful to the radiation 
workers.
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Use of Tritium Nuclear Magnetic Resonance for the Direct Location of 3H in 
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(Department of Chemistry, University of Surrey, Guildford, Surrey GU2 5XH)
Summary In a first application of 3H n.m.r. spectroscopy 
to a biosynthetic investigation, namely the incorporation 
of [3H] acetate by Penicillium cyclopium into penicillic 
acid (I), the stereospecificity of labelling of the vinyl 
methylene group is directly demonstrated and a bio­
synthetic pathway thereby proposed.
T r it i u m  n.m.r. studies can be carried out safely and 
routinely even with simple equipment.1 With a more 
sophisticated spectrometer, e.g. Bruker WH 90 operating 
by the pulse, Fourier-transform method, the increased 
sensitivity gives a satisfactory signal-to-noise ratio with 
samples containing as little as 1 mCi of tritium. It is now 
possible, therefore, to apply 3H n.m.r. techniques to the 
study of bio-organic problems, without there being any 
significant radiological hazard. Here we report the first 
direct determination of the positions of the tritium label in 
biosynthetically derived penicillic acid (I) by 3H n.m.r. 
spectroscopy.
T ( v '2' vfiC02H 
I 7HO^s^CHoT
( I I ) (YI)
r'NDH
// CH2T
(IY)
OCH
(Y)
V./^O
penicillic acid by P . cyclopium. The acetate was dissolved 
in sugar-free Raulin-Thom medium (350 ml) at pH 3*0, 
which was incubated for 24 h with a refloated pad of 
mycelium, previously grown in surface culture for 7 days 
at 24° on a similar volume of Raulin-Thom medium con­
taining 5% glucose. The resulting purified penicillic acid 
(35 mg. ca. 98*3 mCi mmol-1) was dissolved in 100 /zl of 
[2H6]acet<5ne and transferred to a cylindrical micro-cell 
(Wilmad), which in turn was placed in a 5 mm n.m.r. tube.
3-T
(Q)
7 - C H 2T ( J h.t15-0H z )
5-T
2 -O C H 3 7-CH3
r f
H02C H-^CH2T
(I)
(i) Numbering in (I) corresponds to (II) for clarity, (ii) Stereo­
chemistry in (III), (V), and (VI) is only relative, (iii) Relative 
positions of 6-H and 5-T in (I) are yet to be determined.
The polyketide origin of penicillic acid has been estab­
lished through incorporation studies with [14C]-acetate2*3 and 
-malonate.4 In the present work, tritium supplied as 
sodium [3H] acetate (460 mCi) of high specific activity 
(2*4 Ci mmol-1) was incorporated with ca. 7% efficiency into
(b )
3 -H
5 -H
5-H
1 -  OH
F ig u r e . Fourier-transform n.m.r. spectra of penicillic acid (I) 
in [*H#] acetone at 25°; (a) #H spectrum, 1*12 x  10* pulses at 1*7 s 
intervals, (b) spectrum (Me4Si).
The 3H n.m.r. spectrum (96-02 MHz) is shown in the Figure 
together with the XH spectrum (90-02 MHz). A satisfactory 
signal-to noise ratio for the 3H signals was obtained even 
with penicillic acid of lower specific activity (42*5 mCi 
mmol-1), which had been obtained in another feeding
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experiment using 230 mCi of [8H]acetate. The tritium 
spectra clearly showed the expected labelling pattern, i.e. 
there was a triplet from the 7-CHaT group and a singlet from 
the 3-T, with relative intensities of 3:1, and also a signal, 
weaker than the last, from a CHT: C <  group, corresponding 
to the higher field one of the two terminal vinylic protons at 
.C-5. The assignment of the signals from these two protons 
is ambiguous5 and currently under investigation. A very 
weak tritium signal corresponding to the other 5-H was 
also present.
This direct evidence for the specific incorporation of ®H 
at C-5 illustrates the value of the technique as a mechanistic 
probe. The observations require that the known inter­
mediate (II) undergoes 4,5-cleavage. This agrees with 
Mosbach’s demonstration,® based on chemical degradations 
o f  (I) derived metabolically from specifically labelled [14C]- 
orsellinic acid (II). The alternative 1,2-cleavage of the 
aromatic ring would not result in the incorporation of 
tritium from [®H]acetate into the vinylic methylene group.
The apparent specific partial loss of tritium at C-5 is 
probably a consequence of the ease of tritium exchange in 
one of the biosynthetic intermediates formed subsequent to 
the ring scission of orsellinic acid (II). This aromatic C-C 
cleavage, and also that leading to patulin, are both unusual 
in that they require a lower degree of oxidation than the 
majority of known ring scissions.®
A possible scheme is indicated, involving cleavage 
through an electrocyclic conversion of the hypothetical 
epoxide (III) to an oxepin (IV), which could account
mechanistically for the formation of (I) (and, by analogy, 
for the formation of patulin via an appropriate epoxide of 
gentisic aldehyde). The scheme would also be consistent 
with the apparently selective partial exchange of tritium at 
the chiral centre (C-5) of (V). This could result from 
comparatively rapid enzyme-catalysed stereospecific iso- 
merisation of (IV) to (V), together with a slower spontaneous 
reversible interconversion of these intermediates, which in 
one direction would effect some loss of tritium, and in the 
reverse direction would yield a racemate of (V). The 
epoxide (VI) could intermediate the required oxidative 
decarboxylation (II) ->  (III).
The present study demonstrates that tritium n.m.r. 
spectroscopy is a convenient and direct probe of ®H-in- 
corporation at moderate levels of radioactivity. Useful 
aspects of this new technique relative to 13C n.m.r. spectro­
scopy include the absence of detectable isotope at natural 
abundance, the radioactivity as a monitor of isotopic 
content the closely predictable chemical shifts and 
coupling constants (from the n.m.r. spectra), and the 
direct indication of stereospecific hydrogen labelling, as in 
non-equivalent olefinic and prochiral methylene groups.
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